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Chapter 1
Introduction
The human body consists of many different cell types, which enclose various molecules like
DNA, lipids or proteins. All of these molecules acquire a plethora of functions, like structural
components in the cell membrane (lipids) or storing the genetic information (DNA). There are
many different proteins with a large variety of functions ranging from signal transduction to
stabilizing tasks, or carrying out chemical reactions. A protein system that every eukaryotic cell
exhibits is the cytoskeleton, which is composed of three different types of protein filaments: mi-
crofilaments, microtubules and intermediate filaments. Besides the filaments, numerous cross-
linkers and motor proteins are necessary for the correct function of the cytoskeleton. An ap-
propriate interplay of the protein system is necessary for the function of the cytoskeleton. To
understand the physical and chemical properties of the system, it is of interest to understand
the functions of each underlying protein individually. Thus, in vitro studies are performed on
single protein classes like e.g. intermediate filaments. It is not only important to understand the
function of the protein itself but also its assembly process. Occasionally protein aggregates are
formed instead of the fully functional protein, and the causes as well as the effects need to be
understood. For some proteins, like the class of intermediate filaments, ions have an influence
on the assembly process [1]. As the cell itself contains a large variety of ions [2], it is important
to understand the fundamental influences of different ions on the assembly of intermediate fil-
aments.
In this context, the assembly process of the intermediate filament vimentin is investigated in
detail. In vitro, the assembly of vimentin can be initiated by adding monovalent ions [3–5]. In
addition, it has been shown that the assembly of vimentin protein into filaments can be initi-
ated by divalent or even trivalent ions. Differences in the filament radius, the homogeneity of
the radius of the filaments as well as aggregation threshold were found [3, 6–9]. In all the men-
tioned studies only one or two different ions were investigated and thus, no complete picture
1
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of different ions on the assembly process is available. In this thesis, the assembly of vimentin
in the presence of six different ions, with varying valencies is investigated and compared in a
systematic way. Using small angle X-ray scattering the lateral assembly of the filaments can be
detected, meaning the radius of the filament as well as the molecular weight can be retrieved.
Using different microscopy techniques (atomic force microscopy and fluorescence microscopy)
the elongated filaments can be observed and it can be investigated whether single filaments or
networks are formed. The combination of both methods allows for information on the architec-
ture of the assembled filament itself.
Besides static experiments, where only the resulting filament upon addition of the ion is ob-
served, it is important to investigate the temporal and spatial evolution of the assembly process,
to get better insights into time scales of the assembly process as well as the structural evolution
of the protein. This can be achieved by combining microfluidics with, e.g., small angle X-ray
scattering. The assembly is initiated after mixing the assembly reagent with the protein. By fol-
lowing the flow using X-rays, the assembly process can be followed temporally. However, it is
crucial for these experiments to have an appropriate microfluidic device which is resistant to
X-rays so that data of good quality can be obtained.
In Chapter 2 an overview on the cytoskeleton with special focus on the intermediate filaments is
given. The architecture as well as the assembly process are described in more detail. In the sec-
ond half of the Chapter, the applied methods are introduced. First, different microscopy tech-
niques are briefly introduced, followed by a longer introduction to small angle X-ray scattering,
as small angle X-ray scattering is the main method used in the scope of this thesis. Besides a
short introduction to the general principle of small angle X-ray scattering, data treatment and
analysis will be described. In the last part of the Chapter, an introduction to microfluidics will
be given. In Chapter 3 the applied methods and the materials used are described and listed re-
spectively.
The importance of buffers in in vitro studies and comparing the effects of different buffers on
the vimentin protein is presented in Chapter 4. A buffer that has previously not been used for
intermediate filament studies, will be compared to two commonly used buffers. The protein
is investigated with small angle X-ray scattering as well as atomic force microscopy. In Chap-
ter 5, the influence of different ions on the assembly of vimentin filaments is investigated. The
assembly of vimentin in the presence of six different ions is investigated with small angle X-ray
scattering and fluorescence microscopy. The results from Chapter 6 are published as “Cyclic
olefin copolymer as an X-ray compatible material for microfluidic devices" [10]. In Chapter 7,
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Chapter 2
State of the Art and Theoretical Background
2.1 Intermediate Filaments
In the following section, a short introduction to intermediate filaments (IFs) will be given. The
role of IFs in the cell, their architecture and the assembly process of IFs is described.
2.1.1 The Cytoskeleton
The cytoskeleton of eukaryotic cells is a 3D network composed of three main cytoskeletal pro-
teins: microfilaments (MFs, diameter 7-9 nm), microtubules (MTs, diameter 24 nm) and inter-
mediate filaments (IFs, diameter 10 nm) shown in Fig. 2.1.
Figure 2.1: Fluorescence images of cytoskeletal filaments. The three different cytoskeletal proteins (a) MTs (b) vi-
mentin (IFs), and (c) actin (MFs) in 3T3 fibroblast cells. (d) Overlay of all three channels. Note that the
contrast in (a) is enhanced for better visualization. Images courtesy of Dr. Ulrike Rölleke.
Among the many functions the cytoskeleton carries out, there are three main tasks. (I) The cy-
toskeleton organizes the cell contents, (II) it is necessary for cell migration and shape change
of the cell, and (III) it connects the cell to the environment [1–3]. Every cell has to be adapted
to a certain environment [1]. Especially during cell division, the cytoskeleton undergoes drastic
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changes [4]. Thus, the cytoskeleton is one of the main contributors to the mechanical prop-
erties of the cell. In addition, signal transduction and cellular transport is conducted over the
cytoskeletal filaments [5–7].
It is the interplay of all filaments which make the cytoskeleton this powerful and determines the
mechanical properties of cells [8]. Each filament class has its own unique functions. The polar
MT are hollow cylinders comprising 13 protofilaments and they are the most rigid filaments in
the cytoskeleton [9, 10]. They are mainly involved in intracellular transport (of, e.g., proteins,
vesicles and organelles) and important for the positioning of organelles in the cell [7, 11]. Fur-
thermore, they play a key role during mitosis as they form the spindle apparatus which divides
the chromosomes during the cell division process [3]. MFs are polar helical polymers of actin
[9, 10]. Their main function is to maintain the cell shape and they are furthermore involved in
cell signalling and cell migration [7]. Compared to MFs and MTs, IFs are the least well studied
filaments. They are more flexible than MFs and MTs and they introduce mechanical stability to
the cell, especially when the cell is deformed.
2.1.2 Architecture of Intermediate Filaments
In contrast to the conserved MFs or MTs, IFs are highly diverse between different cell types [12].
For example, mesenchymal cells express the IF vimentin, whereas epithelial cells express ker-
atin IFs and neurofilaments are found in neurons [2]. Until now, over 70 different genes for IFs
have been found in humans [13], which are divided into five classes regarding their sequence
homology [1, 9, 12].
Table 2.1: Overview of IF classes, IF protein examples and their occurrence. Table adopted from [1, 9]
Class Intermediate Filaments Occurrence
I acidic keratins epithelia, hair, horn
II basic-neutral keratins epithelia, hair, horn
III vimentin mesenchymal cells
desmin muscle cells
glial fibrillary acidic protein astrocytes
synemin muscle cells
IV neurofilaments neurons
nestin neuroepithelial stem cells
α-internexin neurons
V lamins nucleus
Even though IFs are highly diverse and have different roles within the cell, they share the same
secondary structure. This conserved structure consists of a rod domain flanked by a random
coiled head (N-terminus) and a random coiled tail domain (C-terminus). The rod domain of
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IFs consists of an α-helix divided into three coiled-coils, namely the coil 1A and 1B, and a coil 2





Figure 2.2: Architecture of an IF monomer. The secondary structure consists of a head, rod and tail domain. The head
and tail domains are intrinsically disordered, whereas the rod domain consists of an α-helix divided in
three coiled-coils (coil 1A, coil 1B and coil 2) connected by the linkers L1 and L12.
It has been shown that at the beginning of coil 2, a so called stutter region exist in all IFs studied
so far [3]. The normal heptad repeat (abcde f g )n is interrupted by a hendecad repeat [14, 15].
The length of the rod domain is conserved throughout all IFs. It is approximately 43 nm long
and shows similar segments of patterns in all IFs, with the exception of the IF lamin, which is
slightly longer [9, 14, 16]. The length of the head and tail region however, varies from only a few
amino acids to several hundreds of amino acids [3, 17].
2.1.3 Assembly of Intermediate Filaments
Another difference between IFs and MF and MT is the assembly process. Whereas the assem-
bly of MF and MT is nucleotide driven and needs additional energy [7], IF assembly is non-
nucleotide driven. Furthermore, it follows a hierarchical pathway and the IFs have the possibil-
ity to assemble into 8 - 12 nm wide filaments [18, 19]. Fig. 2.3 schematically shows the assembly
process of vimentin, however, the process can be transferred to all other assembly processes of
IFs and is thus kept generic in the following.
Two monomers form a parallel coiled-coil dimer. This dimer can either be a homodimer (dimer
of two monomers of the same kind; e.g. vimentin) or a heterodimer (two monomers from dif-
ferent kinds; e.g. keratin). In the case of keratin, the two monomers usually come from different
sequence homology classes (class I and II) [20]. However, it has also been shown, that keratin
K8 can form homodimers. Yet, the keratin K8 homodimers do not assemble into filaments [21].
Two dimers then form an anti-parallel, half-staggered tetramer. In vitro, this process occurs
spontaneously when reducing denaturating agents (e.g. urea). It has been shown that vimentin
forms tetramers even at an urea concentration of 5 M [17, 22]. All IF proteins, with the exception
of lamins, form tetramers when no denaturing agents (e.g. urea) are present [3].
Many tetramers then laterally assemble to form so called unit-length-filaments (ULFs), which
have a length of roughly 58 nm [17]. The number of tetramers within an ULF depends on the





Figure 2.3: Assembly pathway of IFs: First two monomers assemble into a parallel coiled-coil dimer (homo- or het-
erodimer). Two dimers then assemble in an anti-parallel half staggered way to form tetramers. Several
tetramers assemble laterally to form ULFs. The number of tetramers per ULF depends on the IF. ULFs
then longitudinal anneal to from filaments. For some IFs a final compaction step is performed.
IF. For example vimentin forms ULFs with an average of 32 monomers, whereas keratin forms
ULFs with approximately 16 subunits [23–25]. These numbers are only average numbers, as it
was shown that the number of subunits does not only change between different IF types, but
also between the same IF type and even within one filament [11, 17, 26].
ULFs then anneal longitudinally to form µm long filaments. Some IFs (e.g. vimentin, desmin)
undergo an additional compaction step, to form mature filaments [27]. The persistence length
of IFs ranges from 0.3 - 2µm depending on the IF [28, 29]. In vitro, vimentin assembly can be per-
formed by adding monovalent ions or by changing the pH and the ionic strength of the buffer.
The assembly of keratin is, for example, initiated by decreasing the pH and increasing the ionic
strength of the buffer [21, 25, 30]. For vimentin, it is sufficient to add KCl to trigger the assembly
[24, 31, 32].
To assemble the IF protein, two different methods can be utilized. A slow assembly can be per-
formed, where the assembly buffer is brought to the protein via dialysis. This procedure leads to
relatively homogeneous thick filaments. Another way of assembling the protein is via the kick-
start method, where the assembly buffer and the protein are mixed instantaneously [33]. This
method results in less homogeneous filaments, with a larger variance in the filament diameter
[16]. It is speculated, that the inhomogeneity in the filament diameter comes from the varying
subunit number in the ULF [11, 26].
In the fully formed filament, the tails of the monomers protrude from the filament [3, 20, 34]. It
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was shown that the tails are not necessary for assembly [35], however they seem to play a role in
controlling the filament width [17]. As the tails are protruding from the filament, they are also
important in network formation [3]. On the contrary, it has been shown that the head domain,
positioned in the filament core, is essential for assembly [12]. By truncating the head domain of
several IFs, it was shown that those were not able to form filaments on their own [12].
2.2 Microscopy
In this study, two different microscopy techniques are used to visualize vimentin filaments,
namely fluorescence microscopy and atomic force microscopy (AFM). A brief introduction to
fluorescence microscopy and AFM will be given.
To visualize and observe all kinds of samples, different methods and techniques can be used.
A very simple way is using a light microscope. It is not clear who invented the first light micro-
scope, however one potential inventor is Zacharias Janssen who invented the microscope in
the 1590s [36]. In the late 17th century Antoni van Leeuwenhoek developed a single lens micro-
scope, with which he was able to observe bacteria [36]. Since then, microscopes have constantly
been improved and nowadays, many different techniques (for example: phase contrast, fluores-
cence, bright field) can be used. Even with all these improvements the optical resolution, that





where d is the distance between two objects, λ is the wavelength and NA is the numerical aper-
ture. The resolution can be increased by using superresolution techniques, electron microscopy
(EM), or AFM. With the mentioned techniques distances down to a few nm can be resolved.
2.2.1 Fluorescence Microscopy
The main literature used for this Subchapter are [37, 38]. Fluorescence is based on the principle
of an excited electron returning to the ground state, by which the electron emits the absorbed
energy in the form of a photon. The pathway for an electron to decay into the ground state after
excitation is shown in the Jablonski diagram (Fig. 2.4a) [39].
If a molecule, for example a fluorophore is excited by a photon, absorption takes place, meaning
that an electron leaves the ground state (S0) for the excited state (S1). The absorption process is
very fast on the timescales of 10−15 s. Both the ground state as well as the excited state have sev-
eral vibrational levels. If the excited electron is in a higher vibrational level in the S1 state, it will

































Figure 2.4: The principle of fluorescence microscopy. (a) The Jablonski diagram. If a molecule is excited a photon is
absorbed and the excited state usually at a higher vibrational energy level is reached. By losing energy
in a non-radiative manner (IC), the lowest level of the excited state is reached. Now fluorescence can
occur where the molecule relaxes into the ground state. (b) A schematic representation of a fluorescence
microscope. Light (blue) from an excitation source is reflected by a dichroic mirror (black bar). After the
light passes the objective the sample is illuminated. The sample emits light at a longer wavelength as
explained in (a). The emitted light (here shown in green) passes through the dichroic mirror and the
emitted light is then recorded by a detector.
first relax to the lowest vibrational level in S1 via internal conversion (IC). IC usually happens on
timescales of 10−12 s and results in the loss of energy. If the electron then returns to the S0 state
this can happen via fluorescence, which is on the order of 10−9 s. Due to the reduction of energy
through the IC, the returned molecule has a longer wavelength than when it was excited. This
shift was first observed by Sir G. G. Stokes and is called the Stokes shift. The emission spectra, is
not only shifted to a longer wavelength but is also the mirrored absorption spectra.
A fluorophore is characterized by its quantum yield and the fluorescence lifetime. The quantum
yield (Φ) is described by:
Φ= number of emitted photons
number of absorbed photons
. (2.2)
In an ideal case the quantum yield would be one, however, due to the internal conversion and
the resulting loss of energy, the quantum yield is always lower than one.
The fluorescence lifetime is the average time the molecule spends in the excited state before
returning to the ground state. The fluorescence lifetime can be written as:
τ f l =
1
number of emitted photons
. (2.3)
This principle is applied in fluorescence microscopy. A schematic overview on the principle of a
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fluorescence microscope is shown in Fig. 2.4b. Light from an excitation source (e.g. laser-light)
is reflected by a dichroic mirror. A dichroic mirror is a mirror which reflects a certain wave-
length while the remaining light spectrum will pass through it. The reflected light is focused
with an objective on the sample and excites the fluorophores, which are normally bound to
the system under investigation. As described above, the photon is absorbed and the emitted
fluorescence spectra has a longer wavelength than the excitation spectrum. The emitted light
passes through the objective and the dichroic mirror and is recorded on a detector. A drawback
of fluorescence microscopy is that the sample under investigation needs to be labeled. Bulky
fluorophores, which might be bigger than the protein itself, can influence the activity of the
protein under investigation [40]. Furthermore, the resolution is limited by the used wavelength
(see Equation 2.1).
2.2.2 Atomic Force Microscopy
A different way to image a sample is by using AFM. As the name already indicates, AFM mea-
sures forces which emerge between the sample and the probe while the sample is scanned and
thus, the resolution is not limited by Equation 2.1 but rather by the probe used during measure-













where E0 describes the binding energy, r0 denotes to the equilibrium distance of the Lennard-
Jones potential and ri is the distance between the probe and the i th atom. The Lennard-Jones
potential describes the interaction between uncharged and unbound atoms. While at large
distances between the atoms, the attractive forces like Van-der-Waals dominate, the repulsive
forces (Pauli repulsion) increase if the distance between the atoms is reduced.
To perform an AFM measurement, five components are necessary [42]. (I) First of all, a hard
probe (tip) on a soft cantilever is needed to scan the sample. (II) A system which detects the de-
flection of the cantilever, (III) as well as a feedback system to monitor the deflection is required.
(IV) A high precision scanning stage is needed to move the sample so it can be rasterized. (V)
Finally, a system is required which converts the measured deflection into an image. In Fig. 2.5,
the basic principle of an AFM measurement is visualized.
The probe itself is made out of a hard material like diamond so it will not deform during the
experiments [42]. The cantilever on the other hand, has a soft spring constant and a high reso-
nance frequency. The forces between the sample and the probe causes the cantilever to deflect






Figure 2.5: Schematic representation of an AFM setup. The sample on a mica slice is scanned by a sharp probe at-
tached to the cantilever. A laser is focused on the tip of the cantilever and the deflection of the cantilever
is recorded with a photodiode.
according to Hooks law [43]:
F =−kx, (2.5)
where F is the applied force to the cantilever, k the spring constant of the cantilever and x the
displacement of the cantilever upon interaction. To detect the deflection of the cantilever a
laser is used. The laser is focused on the tip of the cantilever and the reflected laser signal is
recorded. If the cantilever bends upon contact with the sample, the angle of the recorded laser
light changes. The change in the angle can then be transformed into an image [42, 44].
For imaging the sample two different measuring modes can be applied [43, 44]. In the contact
mode, the sample and the probe are in contact at all times and the distance between the sam-
ple and the probe never changes, thus the probe is pressed against the sample with a constant
force. This is achieved by adapting the z-position of the sample stage using Piezo-regulators.
A drawback however is, that the sample and the probe can get damaged through the contact.
Furthermore, in the case of soft samples, the probe can move the sample while measuring in
contact mode. The second measuring mode is the tapping mode, where the cantilever oscillates
near its resonant frequency and only “taps" the sample. This measuring mode is more suitable
for imaging experiments. By just “tapping" the sample, less artifacts e.g. moving of the sample
can be introduced [43–45]. Like fluorescence microscopy, also AFM has a drawback in the sam-
ple preparation. Samples need to be brought on special surfaces which can introduce artifacts
or change the mechanical properties of the sample [28, 46].
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2.3 Small Angle X-Ray Scattering
In this study, small angle X-ray scattering (SAXS) is used as the main method to investigate the
effect of buffers or ions on the assembly of vimentin IFs. Furthermore, SAXS is used in microflu-
idic studies to observe the assembly process of IFs. In the following section, an introduction to
SAXS is given, followed by a description of data treatment and ways to analyze SAXS data.
2.3.1 General Principles of SAXS
Another way to improve the resolution is to use X-rays. An advantage of many X-ray techniques
is that no labeling or slicing of the sample is needed, however the measuring technique is quite
different to light microscopy. The wavelength of X-rays is approximately 0.1 to 10 Å [47]. In SAXS
experiments, length scales from 1-100 nm can be observed, however, with ultra small angle X-
ray scattering (USAXS) or/and wide angle X-ray scattering (WAXS), the limits on both sides can
be extended. The first SAXS measurements were performed in the 1930s by André Guinier and
Otto Kratky and the first biological SAXS experiments were performed in the 1950s on proteins
like hemoglobin [48]. At that time, the data analysis was limited. Nowadays, thanks to further
developments of the technique, data interpretation and analyzing tools, the structure (size and
shape), the molecular weight, the cross-section and the surface of macromolecules can be in-
vestigated [48–50]. Another advantage of SAXS is that the samples under investigation can be
liquid or solid. Fig. 2.6 shows a typical SAXS setup. The X-rays scatter at the sample and the






Figure 2.6: Schematic representation of the SAXS principle. X-rays are produced in the source and focused. If the
X-rays hit the sample, the X-rays scatter at the electrons of the particles. The primary beam intensity is
blocked by a beam-stop and the scattered signal is recorded on a detector.
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X-rays can be described as electromagnetic waves. As soon as they hit the sample, the X-rays
can be scattered by the electrons within the excited volume and the signal is recorded at some
distance on a detector. The distance between the sample and the detector can be correlated
to the measured angles and defines which length scales are observed. The farther the detector
is away from the sample, the smaller the angles which can be recorded and thus, the larger
the detected length scales in real space. Usually, the primary beam is blocked by a beam-stop,
as the incident beam would damage the detector. The size of the beam-stop limits the lowest
achievable q-value. However, due to recent detector development it is possible for the primary
beam to be detected without damaging the detector and giving access to lower q-values [48];
e.g the Xeuss 3.0 from Xenocs (Sassenage, France) is a SAXS machine without a beam-stop. As
every particle in the excited volume can contribute to the scattering, SAXS is a bulk technique,
but due to the small beam size, it only needs small amounts of sample (several tenth of µL).
The Scattering Process
X-rays have an electromagnetic origin and plane wave properties [48]. The electric (~E) and mag-
netic (~H) fields are perpendicular to each other [51]. By irradiating a sample, a part of the X-rays
will pass through the sample. A fraction will be absorbed and transformed in other types of en-
ergy (e.g. fluorescence, heat or radiation) and a third part will be scattered (Fig. 2.7a) [51, 52].
Scattering can occur in two different ways; either with the loss of energy (inelastic scattering) or
























Figure 2.7: Scheme of the scattering process. (a) The incident X-ray beam scatters at the sample. The X-rays can be
absorbed and the energy can be transformed into, e.g, heat, or the X-rays can be transmitted or scattered
by the sample. The signal is detected on an observation plane (detector). (b) Vector diagram of the scat-
tering process, where~k denotes the incoming beam and ~k ′ to the scattered X-rays. (c) Sketch of incoming
waves. If the waves are in phase a bright spot is visible on the detector. If the waves are out of phase, there
will be a dark spot on the detector. Images are based on [49, 52, 53].
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Compton scattering is a form of inelastic scattering. It is produced when a photon hits an elec-
tron and a part of the photon energy is transferred to the electron [51]. Due to the energy trans-
fer, the scattered radiation has a different wavelength and therefore does not result in any inter-
ference. The scattered signal does not hold any structural information and can be neglected as
in SAXS experiments only small angles are investigated [50].
Rayleigh scattering is an example of elastic scattering of X-rays at small particles. [51, 52]. In this
case, the photon does not transfer any energy if it collides with an electron. The electron starts
to oscillate with the same frequency as the incoming X-rays and the electron emits radiation
with the same frequency, however the direction of the scattered radiation is different. The emit-
ted radiation produces scattering which carries the object structural information.
The efficiency with which X-rays are scattered is expressed as the scattering cross-section (σ)
[54].
σ= scattered energy
incident energy per unit area
(2.6)
By multiplying the scattering cross-section of one particle by the particle density, the macro-
scopic scattering cross-section can be defined. With solution SAXS measurements, mostly
macromolecules are investigated. In this case, it is not possible to measure discrete atoms or
electrons as the molecules are too large, and the signal of an individual atom is smeared out
[54].
When X-rays interact with matter, not only one but many electrons start to oscillate and the
emitted waves, which are synchronized with the incoming plane waves, produce interference
patterns at the detector. If two waves are in phase, the interference is constructive and a bright
spot on the detector is visible. If two waves are out of phase, they cancel each other out and
a dark spot is visible on the detector (Fig. 2.7c). If waves are only partly in phase, a less bright
spot on the detector is visible. By collecting this information from all pixels on the detector, a
2D scattering pattern can be recorded. The scattering pattern provides information about the
orientation and the distances of atoms within the illuminated area. The distances are expressed
by the momentum transfer or scattering vector “~q”, which is the difference between the wave
vectors from the scattered wave ~k ′ and the incident wave~k (Fig. 2.7b)
~q = ~k ′−~k, (2.7)
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whereλ is the wavelength of the radiation. As the scattering is measured in reciprocal space, the
real space distance D corresponding to q is D = 2π/q [55] and, therefore, q has the dimension
nm−1. By performing an azimuthal integration, the 2D scattering pattern can be transformed
into a 1D scattering profile, where the scattering intensity I (q) is plotted against q .
In general the measured scattering intensity for randomly oriented, centrosymmetric and iden-
tical particles can be described as:
I (q) = F (q) ·S(q) (2.9)
where F (q) is the form factor and S(q) the structure factor [55, 56].
Figure 2.8: Schematic representation of the form factor and structure factor. The form factor is represented by the im-
age (candle) on the left hand side. The lattice (orange circles) describes the structure factor. By convolution
of the form factor and the structure factor, the crystal structure is produced.
Fig. 2.8 schematically describes the form factor and the structure factor. If both a form factor as
well as a structure factor is present, the measured intensity corresponds to the convolution of
both and represents the crystal structure.
The Form Factor
F (q) describes the scattering due to the electrons of a single particle. A general description of
the form factor can be written as:
F (q) =
∫
ρ(~r )e(i~q~r )d~r , (2.10)
where ρ(~r ) is the density of the particle. If the sample is very diluted so that particles are far away
from each other and do not interact, the form factor alone is sufficient to describe the scattering
profile while the structure factor (which is related to interparticle interactions) is negligible.
Lets consider a solid sphere with a radius R and a density ρ(~r ) = ρ. Furthermore, the volume
dV is defined as dV = r 2 sinθdθdφdr . The particle has spherical symmetry so that ~q = (0,0, qz).
Writing the scalar product ~q~R = qR cosθ, the form factor of a sphere can be rewritten as:
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e−i qr cosθr 2 sinθdθdφdr. (2.11)
The integrals are solved one after each other and the steps are shown in the following. First an
integration in respect to φ yields:





(cos(qr cos(θ))+ i sin(qr cos(θ)))r 2 sinθdθdr (2.12)
Using a variable substitution with u(q,r,θ) = qr cos(θ) and du(q,r,θ) =−qr sin(θ) the equation
above can be rewritten as:





(cos(u(q,r,θ))+ i sin(u(q,r,θ)))r 2−du(q,r,θ)
qr
dθdr (2.13)
Integrating with respect to θ yields:







Finally an integration in respect to r yields:








Rewriting the form factor







3 =V it follows:






As V and ρ are both constants the form factor of a solid and homogeneous sphere is described
by:






Fig. 2.9 shows the calculated form factors of a sphere of radius R = 25 nm, an infinitely thin disc
of radius R = 25 nm, an infinitely thin rod of length L = 25 nm and a cylinder of radius R = 25 nm
and length L = 100 nm using the formulas taken from [51, 57, 58]:
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• Infinitely thin disk with radius R:







where B1 is the first order Bessel function.
• Infinitely thin rod with length L:
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When the dilute solution contains particles identical in size and shape, the total form factor is
















Figure 2.9: Calculated form factors of different shaped objects. A sphere (red, R = 25 nm), an infinitely thin disc (green,
R = 25 nm), an infinitely thin rod (yellow, L = 25 nm) and a cylinder (blue R = 25 nm; L = 100 nm).
However, if the particles do not have the same size or shape, the form factors of all particles
are summed and the defined minima of each form factor are smeared out. This phenomenon
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is called polydispersity [51, 55]. An example is given in Fig. 2.10, where the scattering curve of
spheres with three different radii are shown (R = 10 nm; 15 nm; 20 nm), as well as an average
curve of all three to mimic polydispersity. It can be observed that the low q-value regime is
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0.1
Figure 2.10: Example of polydispersity. To visualize polydispersity, the form factors for three differently sized spheres
(R = 10 nm, 15 nm and 20 nm) are calculated (yellow, red and green curves respectively) and the average
is calculated (blue curve).
The Structure Factor
S(q), also called “lattice symmetry”, is mostly dominant in crystalline structures. If a sample is
densely packed and the distances between different particles are on the same length scales as
distances within a particle, the resulting scattering pattern is influenced by the neighboring par-
ticles as well. The structure factor provides information about the particle position with respect
to other particles. In liquid samples, the structure factor describes the strength of interaction be-
tween two particles. In an uncorrelated sample, the structure factor S(q) = 1, thus the scattering
signal is only dependent of the form factor [56].
2.3.2 SAXS Instruments
All SAXS setups have the same basic components, comprising an X-ray source, a collimation
setup and beam focusing optics, as well as a detector to record the data. There are different types
of SAXS instruments available. For in-house experiments a Kratky camera setup, the Bonse-Hart
instrument or a slit- or pinhole collimation setup can be used [49]. All those instruments pro-
duce X-rays in a X-ray tube. When the electrons are emitted by the cathode, the accelerated
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electrons hit the anode and thereby, X-rays are generated. The wavelength of the emitted X-
rays is defined by the anode material. To further improve the power and life-time of a source,
rotating anodes have been developed [49–52]. The anode rotates and thus the wear per area is
reduced. For high quality measurements the generated X-rays should be as monochromatic as
possible, as otherwise the scattering effects would be smeared out [51]. In-house, X-ray mirrors
or metal foils can be used to monochromatize the beam [49]. Furthermore, the beam needs
to be shaped and cleaned from parasitic scattering. Therefore, a good collimation system is of
high importance for a good SAXS experiment. To shape the beam and make it less divergent,
the beam can either be collimated by pinholes or by slits. The point collimation yields a circu-
lar beam with a relatively small beam size, however the measurement time is rather long due
to a low primary intensity [52]. Line collimation systems have a long but thin beam, which has
a higher scattering intensity than point collimated beams, however the large beam causes slit
smearing [52].
Even though in-house machines are constantly improved, it is sometimes necessary to perform
the experiment at a synchrotron. Synchrotrons have a much higher photon flux and smaller
beam sizes than in-house sources. At synchrotrons particle accelerators are used and the elec-
trons are stored in a storage ring. Radiation is produced in bending magnets [51, 52, 56]. By
placing wigglers or undulators between the bending magnets, in the straight part of the storage
ring radiation can be produced as well [51]. The radiation produced is not monochromatized,
however, by using single-crystal monochromators the wavelength distribution is much more
narrow than what can be achieved with mirrors or metal foils. Even if the wavelength distribu-
tion of the beam at the synchrotron is more narrow compared to in-house setups the beam
needs to be focused. Especially if a high primary intensity is needed at the sample. Slits and
curved mirrors are often used to focus the beam. Furthermore, beryllium compound refractive
lenses [59] or multilayer zone plates [60] are used as well to focus the beam.
2.3.3 Measurement Principle and Data Treatment
In the following a short explanation will be given, on how a SAXS measurement for particles in
solution is performed. It has already been mentioned that with X-rays every electron within the
illuminated area contributes to the scattering signal and thus to the recorded signal. This is also
true of the solvent in which the particles of interest are solubilized as well as the container, e.g.,
the capillary in which the solution is filled. Therefore, the actual experiment consists of two mea-
surements. First, the container filled with only the solvent and afterwards the container filled
with the solvent plus the particles of interest is measured. To obtain the signal of the particles
alone, the container measurement needs to be subtracted (Fig. 2.11).
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Figure 2.11: Principle of the background subtraction. For solution SAXS measurements the sample of interest is in
solution inside a container. To retrieve the signal of the sample alone, the background (solution + con-
tainer) is measured separately and needs to be subtracted.
Additionally, the SAXS signals should be corrected to improve the data quality. Data should be




where I0 is the incident beam and I1 the incident beam with the sample placed in the beam
path. Furthermore, the signal should be corrected for the exposure time ts , the thickness of the
sample ds and the concentration of the sample. In a last step, the data can be brought to abso-
lute scale (cm−1) by multiplying the data by the correction factor (CF). The correction factor is
specific for the used setup [49, 54, 61, 62]. By bringing the data on absolute scale, e.g. the molecu-
lar weight, the volume fractions or the specific surface area of the scatterers can be determined.
A detailed description on how to calculate the CF is given in Appendix A.
2.3.4 Data Analysis
For analyzing SAXS data, different regimes can be evaluated yielding different types of infor-
mation. Which region can be analyzed and what information can be gained, depends on the
data quality and on the measured q-range. In general, three different regions can be analyzed
(the Guinier region, the intermediate region and the Porod region). By analyzing the Guinier re-
gion, information about the size of the scatterers can be retrieved. Analyzing the intermediate
region, shape information are retrieved and by analyzing the Porod region surface information
is gained. Furthermore, the whole scattering curve can be analyzed by using a model. In the
following, several analyzing methods will be explained briefly.
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Guinier’s Approximation and Pair Distance Distribution Function
To characterize the size of the particle (sample), Guinier approximation or the pair distance
distribution function (pddf) can be utilized. If the measurement is good enough in quality the
I (0) value as well as the radius of gyration (Rg ) can be extracted. I (0) is the intensity scattered
to zero angle, which cannot be measured but obtained by extrapolation of the scattering profile
[48]. It is related to the molecular weight by:




With c as the particle concentration, ν the particles specific volume, MW the molecular weight
and NA Avogadro’s number.∆ρ is the scattering contrast, which is the electron density of the par-
ticle and the solution (∆ρ = ρparticle −ρsolution) [48, 54]. Rg is defined as the root-mean-squared
distance from the center of gravity of a particle [51].
For the Guinier analysis only the very small q-values are taken into account. Guinier showed
that data can be fitted linearly when plotting ln(I (q)) against q2. The Rg values can be retrieved
from the slope of the fit, whereas the intercept with the I (q) axis denotes to the I (0) value [48,
51]. The following relations were found for small q-values and are important for this thesis [51,
58]:
• Sphere:


























The Guinier region is defined by limiting the value of the product qRg . The limit for the upper
bound of qRg is strongly dependent on the shape of the sample. The qRg limit for spherical
shapes is 1.3, whereas for elongated objects the limit is smaller. A limit of qRg ≤ 1 is described
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in literature [56]. However, in biological SAXS this limit is extended to qRg ≤ 1.3, due to the
low numbers of included points for the limit of qRg ≤ 1 [55, 63]. Another requirement which is
often neglected when performing Guinier analysis is that there should not be any interaction
between particles in the sample [56]. If the SAXS curve at low q-values increases (upturn), it is
an indication for attraction within the sample, whereas a downturn of the intensity at low q-
values is an indication for repulsive interaction [64–66].
Another way to calculate the radius of gyration as well as the radius in real space, the pddf (p(r ))
can be applied. By calculating p(r ) the whole scattering curve is taken into account. By an in-
direct Fourier transformation, data are represented in real space [50, 55]. From the pddf infor-
mation about all distances between atoms within the particle can be retrieved [65]. To retrieve
dimension information of a particle (e.g. size) the angles must be smaller than q = π/Dmax ,
where Dmax refers to the largest particle diameter in the sample [65]. For analysis of the pddf,
one needs to know Dmax , which can be difficult in an unknown system like assembling pro-
tein. However, if Dmax is known and with the assumptions that p(0) = 0 and the function is not










Analysis of the Porod region is only valid if qRg À 1, thus for large q-values. In this regime the
intensity is proportional to the surface area. Furthermore, the intensity at large q-values decays




q2I (q)d q = 2π2
∫
V
(∆ρ(~r ))2d~r , (2.30)
can be used, which is equal in reciprocal and in real space [55]. With this assumption both the
Porod volume and the specific surface can be calculated on a relative scale [55]. The scattering
profile in the Porod regime follows a linear trend when q4I (q) is plotted against q4 [55].
2.3.5 Applications of SAXS
Covering length scales in the micrometer and nanometer range and retrieving size, shape and
surface information of the sample investigated, SAXS is a useful tool used in various fields. As
the sample can be solid or liquid and no labeling is required biological samples can be mea-
sured directly in their natural environment. SAXS is often used for biological samples to e.g.
investigate: protein folding [65, 67], vesicle fusion or adhesion [68] or the assembly processes
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of proteins. In static SAXS experiments, Brennich et al. and Hémonnot et al. investigated the in-
fluence of KCl and MgCl2 on the assembly of the IF proteins vimentin and keratin respectively
[24, 25]. They showed that with increasing ion concentration the filament radius increases and
furthermore, the effect of MgCl2 was stronger than with KCl. This systematic investigation of dif-
ferent ion concentrations leading to nm changes in the filament radius is well detectable with
SAXS.
2.4 Microfluidics
With microfluidics, the behavior of single or multiple, interacting fluids as well as reagents can
be studied. Microfluidics can be used to establish stable 2D or even 3D gradients to study di-
rected cell migration [69], chemotaxis of bacteria for cancer targeting [70] or the self-assembly
of collagen in a pH gradient [71]. Another example for the use of microfluidic devices is to follow
protein folding [72]. In this section, an introduction to the fundamental physics of microfluidics
will be given.
2.4.1 Flow at Low Reynolds Number
Most studies using microfluidic devices use incompressible Newtonian fluids such as water.
The motion of the flow of an incompressible Newtonian fluid follows the Navier-Stokes equa-
tion, which describes the fluid motion:






=−~∇p +η∇2~v + ~Fex , (2.31)
where ρ is the fluid density, ~v the velocity of the fluid, t the time, p the pressure, η the viscosity
and ~Fex external forces. Due to the non-linear term ρ(~v ·∇)~v , it is not possible to solve the equa-
tion analytically. The Navier-Stokes equation relates the inertial forces of the fluid (left hand side
of the equation) with the viscous forces (right hand side) [73, 74]. The ratio between the inertial
forces and the viscous forces is described by a dimensionless number known as the Reynolds




where L is the characteristic length scale. Depending on whether the inertial or the viscous
forces dominate the flow, different flow profiles can be observed. At Re¿ 1 viscous forces dom-
inate, meaning the inertial forces can be neglected. The flow is then called laminar flow and is
typical in microfluidics as the length scales are in the range of µm. Above ReÀ 1 the inertial
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forces dominate. Turbulent flow occurs if Re > 2300 [75], however the value can be smaller if the
flow is disturbed for example by obstacles [73]. In the laminar flow regime the inertial forces can
be neglected and the flow is time independent and linear. Furthermore, if there are no external
forces the Navier-Stokes equation is reduced to the Stokes equation:
∇p = η∇2~v . (2.33)
2.4.2 Mixing in Microfluidic Devices
When mixing wants to be investigated in a microfluidic device, the mass transport (e.g. trans-
port of chemicals, proteins) needs to be considered. Mass transport is described by two pro-
cesses; convection and diffusion. Convection describes the particle motion in relation to the
flow. Diffusion (D) describes the particle motion without any active mass transport and can be
described by Fick’s first law:
~jdiff =−D∇c, (2.34)
where D is the diffusion and c the concentration. Fick’s first law describes that the fluid flux is
proportional to the concentration gradient . The flux of the convection can be described by:
~jconv =~vc, (2.35)
which is simply the product of the flow field and the concentration. The total flux of a system
can be described as the sum of Fick’s first law and the convectional flux. Inserting the total flux









For a particle, the diffusion can be described by the Einstein and Smoluchowsky relation:
D =µkB T, (2.38)
where µ is the mobility of the particle, kB is the Boltzmann constant and T the temperature. For
small spheres Stokes found:




where Rh is the hydrodynamic radius of the particle. Combining the relation Stokes found with
the Einstein and Smoluchowsky equation, the diffusion constant for small spheres can be de-
scribed as follows [74]:
D = kB T
6πηRh
, (2.40)
with D having the unit m2/s. With Equation 2.40 it can be observed that the diffusion of a small
particle is faster than for a large particle.
Just like the Reynolds number describes the relationship between inertial and viscous forces,
the Péclet number describes the relation between the diffusive time and the convective time,




Thus the Péclet number is dependent on the fluid velocities, the characteristic length scale and
the diffusion coefficient. If the Péclet number is large, the flow follows the flow lines and no mix-
ing is induced. If the Péclet number is small, diffusion is dominant and the mixing is achieved
through diffusion. By changing the characteristic length or the flow speed, mixing can be in-
duced.
2.4.3 Microfluidic Devices for Diffusive Mixing
Replicating biological processes in microfluidic channels is nowadays common as normally
large-scale processes can be scaled down to small devices. A benefit is that only small sam-
ple volumes are needed. By manipulating processes in a controlled way, microfluidics are used
to investigate unknown processes. The microfluidic chip can hold a single channel or a set of
multiple channels connected with each other. By flowing liquids through the channels, the flu-
ids can be mixed or separated. On a macromolecular scale turbulence is used to mix fluids.
This is however not applicable in the laminar flow regime, due to the small Reynolds number.
Thus, mixing is diffusion driven. As the diffusion time cannot be reduced, a faster mixing can
be achieved by reducing the distance the particles have to diffuse.
In the work here, the assembly process of IFs is studied. By flushing protein through a microflu-
idic channel and mixing it with assembly reagents (KCl), the assembly of the IF is initiated [76].
As a fast mixing of the protein with the assembly reagent is desirable the diffusion length should
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be as short as possible. The diffusion of the protein is on the order of 10−11 m2/s and the diffu-
sion of KCl on the order of 10−9 m2/s. Thus, the mixing is mainly dependent on the diffusion of
KCl. To achieve a fast mixing, the protein stream should be as narrow as possible. Once the as-
sembly is initiated, the assembly process over time can be investigated by observing the protein
in flow. However, the early assembly steps of IFs appear on length scales in the nm-range and
therefore, can not be observed with light microscopy. This is one reason why the combination
of microfluidics and SAXS is gaining more interest. A challenge is that many device materials
are not compatible with SAXS and therefore, there is still a need for reproducible, X-ray compat-
ible, inexpensive and easy-to-make microfluidic devices [77]. The chip itself can be fabricated
from many different materials e.g glass, polydimethylsiloxane (PDMS) or plastic [78]. Especially
for microscopy experiments PDMS and glass are often used as the devices are easy to fabricate,
optically transparent and inexpensive. However, PDMS is not suitable for X-ray experiments. A
more detailed description on the needs of microfluidic devices when combined with X-rays and
what can be investigated is given in Chapter 6.
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Chapter 3
Materials and Methods
All chemicals used and their full names are listed in Table 3.5 at the end of this Chapter. For the
preparation of buffers and solutions ultrapure-water is used unless otherwise stated. SAXS and
AFM experiments are performed with the human vimentin wild-type (wt), meaning not genet-
ically modified protein. Plasmid sequencing shows a mutation at position 2 where the amino
acid serine is replaced by alanine. For fluorescence imaging experiments, vimentin wt is mixed
with a genetically modified version of human vimentin. In vimentin C328A, the cysteine at po-
sition 328 is genetically replaced by alanine. Additionally, 2 glycines and a cysteine are incor-
porated at the C-terminal of the protein. Vimentin C328A is labeled with ATTO647N-malemide
dye by Anna Schepers following the protocols described in [1, 2]. Plasmids for both proteins are
provided by Harald Herrmann.
3.1 Protein Reconstitution
Protein purification is conducted by Susanne Bauch following the protocol listed in [3]. Hu-
man vimentin wt as well as human vimentin C328A is expressed in Escherichia coli bac-
teria and purified from inclusion bodies. The purified protein is stored in 8 M urea, 5 mM
Tris(hydroxymethyl)aminomethan HCl (TRIS-HCl) at a pH of 7.5, 1 mM ethylenediaminete-
traacetic acid (ETDA), 0.1 mM ethylene glycol-bis(2-aminoethylether)-N, N,N’,N’-tetraacetic
acid (EGTA), 1 mM 1,4-di-thiothreitol (DTT) and 10 mM methylamine hydrochloride (MAC) at
- 80 ◦C. The storage buffer consists of agents conserving the protein and urea, which keeps the
protein denatured. Two sets of experiments are performed. First the influence of buffers or dif-
ferent ions on the protein is tested in a steady-state experiment. In a second experiment the
assembly process in flow is observed. To this aim, the protein is reconstituted and urea is di-
alyzed from the protein solution. Dialysis is performed to transfer the protein from the stor-
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age buffer containing 8 M urea to the desired buffer without urea. Table 3.1 shows the three
buffers used: Phosphate buffer (PB), 3-(N-morpholino)propanesulfonic acid (MOPS), and TRIS
with their concentrations and their respective pH values. The dialysis is performed in a step-
Table 3.1: Overview of all used buffers and their respective concentrations and pH values.
Buffer Concentration (mM) pH







wise manner at 21 ◦C. The protein is filled in 50 kDa cut-off dialysis tubing (SpectraPor, Carl-
Roth GmbH, Karlsruhe, Germany), which is placed in a beaker with at least 500 mL desired end
buffer (Table 3.1) containing 6 M urea. Every 30 min the buffer is exchanged so that the protein
is dialyzed stepwise into buffer containing 4, 2, 1 and 0 M urea. An additional cleaning step is
performed over night at 8 ◦C. On the following day the protein is stirred for at least 2 h in fresh
buffer at 21 ◦C. The dialyzed protein is stored at 4 ◦C and can be used for experiments up to one
week, as it has been reported by Brennich et al. that the scattering patterns do not change within
5 days [4]. The protein concentration is obtained by measuring the absorption at 280 nm using
the NanoDrop. At least three concentration measurements per protein are performed and the
arithmetic mean is calculated.
For the dialysis with labeled protein, unlabeled vimentin wt is mixed with labeled vimentin
C328A, so that in total 2-5 % of the protein is labeled protein. Reconstitution is performed the
same way as for vimentin wt, with the difference that the beaker is shielded from light, to not
bleach the fluorophores during the whole process.
3.2 Protein Assembly
Protein is assembled using the kick-start method. Both protein and buffer are mixed directly
with a pipette. In Chapter 4 the influence of buffer on the assembly is tested. Vimentin is dia-
lyzed in PB, TRIS or MOPS at low (2 mM) and high (20 mM) concentrations and investigated.
The tetramers as well as assembled filaments are measured. For assembly 100 mM KCl (final
concentration) are added. In Chapter 5 the influence of ions on the assembly is investigated. For
this, vimentin assembled with different ions at various concentrations are measured in 2 mM
MOPS buffer at pH 7.5. A list of all ions and their concentrations is found in Table 3.2.
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Table 3.2: Overview of ions used for assembly experiments in 2 mM MOPS buffer at pH 7.5 and their respective con-
centrations during SAXS measurements
Ion Concentration (mM)
NaCl 10 20 30 40 50 80 100 150
KCl 10 20 30 40 50 80 100 150
MgCl2 0.5 1.0 1.5 2.0 2.5 4.0 5.0 10.0
CaCl2 0.5 1.0 1.5 2.0 2.5 4.0 5.0 10.0
Hexammine-cobalt(III) chloride 0.01 0.02 0.03 0.05 0.08 0.1 0.2 0.5
Spermine 0.01 0.02 0.03 0.04 0.05 0.08 0.09 0.1
3.2.1 SAXS Experiments
For static in-house SAXS experiments the protein is diluted to a concentration of 2 mg/mL un-
less otherwise stated. Buffers with the 2-fold ion concentrations (doubled amount of ion con-
centration which are listed in Table 3.2) are prepared. For assembling vimentin with e.g. 100 mM
KCl, 2 mg/mL vimentin is mixed with 200 mM KCl in a ratio of 1:1, to have a final protein concen-
tration of 1 mg/mL and an ion concentration of 100 mM KCl. Measurements are performed us-
ing quartz glass capillaries with an outer diameter of 1.5 mm (Hilgenberg, Malsfeld, Germany).
As it is not possible to homogeneously fill the capillary with assembled vimentin, cooled buffers
and protein are mixed at a ratio of 1:1 in a reaction tube and transferred directly into the capil-
lary with a microloader pipette tip (Eppendorf AG, Wesseling-Berzdorf, Germany). The final pro-
tein concentration during the experiment is 1 mg/mL. The capillary is sealed with wax (Hamp-
ton Research, Aliso Viejo, USA) when performing measurements in vacuum to prevent evap-
oration of the liquid. Protein is assembled in the capillary for at least 8 h at 21 ◦C before the
measurements starts.
For time-resolved measurements at the synchrotron, vimentin is reconstituted at a concentra-
tion of 5.5 mg/mL. As assembly is initiated in the microfluidic device, no assembly is performed
prior to experiments.
3.2.2 Microscopy Experiments
For visualization of assembled filaments, fluorescence microscopy and AFM are used. Both
methods need a much lower protein concentration than SAXS experiments. For AFM, the pro-
tein is diluted to a concentration of 0.2 mg/mL, and for fluorescence microscopy, a concentra-
tion of 0.4 mg/mL is adjusted. The protein is mixed 1:1 in both cases with the 2-fold ion concen-
tration in the assembly buffer (e.g. mix protein with 200 mM KCl to have a final concentration of
100 mM KCl), so that the final protein concentration for AFM is 0.1 mg/mL and 0.2 mg/mL for
fluorescence microscopy experiments. During AFM experiments, 100 mM KCl is used for assem-
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bly. For fluorescence microscopy experiments the used ions and their respective concentration
are shown in Table 3.3. In both cases, the protein is mixed in a reaction tube and incubated at
37 ◦C for 16 h [3]. This is not practicable for the X-ray experiments and thus, the assembly for
X-ray experiments is performed at 21 ◦C.









3.3 Static SAXS Experiments
3.3.1 In-house SAXS Setup
All static SAXS experiments are performed in-house with the commercially available setup
Xeuss 2.0 (Xenocs, Sassenage, France). A schematic representation of the setup and the beam












Figure 3.1: Scheme of the Xeuss 2.0 setup. X-rays are produced by the Cu K-alpha source and focused by mulitlayer
optics. The final beam size is roughly 0.5 mm x 0.5 mm. Using scatterless slits, the beam is cleaned of par-
asitic scattering. After the sample along the y-axis a flight tube with a length of 2224 mm is placed. At
the end of the flight tube the beam-stop is positioned to block the primary beam. Behind the flight tube a
Pilatus3R 1M detector is placed to record the data.
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The Xeuss 2.0 operates with a Cu K-alpha source (λ = 0.154 nm) running at 50 keV and 600µA.
The source has a parallel beam collimation to reduce smearing and multilayer optics to focus
the beam. After the optics and the collimation mirror, two scatterless slits to clean the beam
from parasitic scattering are located. Collimation optics and slits are adjusted to yield a beam
size of approximately 0.5 mm x 0.5 mm. The collimation tube is under vacuum during all exper-
iments. Next to the collimation tube the sample chamber is located. This chamber can either
be in vacuum or in air. When measuring the sample in air, two Kapton windows are introduced
between the evacuated collimation tube and the evacuated flight tube. For the buffer measure-
ments, the sample chamber is filled with air (Chapter 4), whereas for the ion experiments (Chap-
ter 5), the sample chamber is under vacuum. The flight tube, following the sample chamber, sets
the distance between the sample and the detector. Depending on the distance between the sam-
ple and the detector, different length scales can be observed. The Xeuss 2.0 has three different
flight tube sections, which can be inserted individually, giving access to different characteristic
dimensions in real space (Table 3.4).
Table 3.4: Overview of the different sample to detector distances, the corresponding q-range and the respective real
space dimensions. Adopted from introduction slides provided by Xenocs, Sassenage, France.
Sample to detector distance q-range (nm−1) Real space dimension (nm)
2485 0.042 - 2.21 2.8 - 150
1190 0.085 - 4.58 1.4 - 73
538 0.18 - 9.8 0.64 - 34
360 0.27 - 14.2 0.44 - 23
With that, a dimension in real space ranging from 0.44 nm to 150 nm can be detected. In the
experiments shown here, a distance between the sample and detector of roughly 1220 mm is
chosen, which gives an accessible q-range from around 0.07 to 4.8 nm−1 corresponding to a
length scale of roughly 1.3 nm to 90 nm in real space. The beam-stop with a diameter of 3 mm
is placed right before the tube exit window to block the primary beam. To collect the scattering
data, a Pilatus3R 1M detector (981 x 1043 pixels, pixel size 172 x 172 µm, Dectris Ltd., Baden,
Switzerland) is placed right after the exit window of the flight tube. For data aquisition, specfe
(developed by Xenocs, Sassenage, France), a graphical interface version of spec is used.
3.3.2 Calibration Measurements
The Xeuss 2.0 is calibrated at least once per week. This is done to get the correct beam center
and detector distance, as well as a scattering image to draw the mask for later analysis.
To calculate the beam center, the direct beam without the beam-stop is measured for 0.1 s
(Fig. 3.2a and b). To estimate the beam center, a region around the beam is selected and
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Figure 3.2: Scattering patterns of the calibration measurements. (a) Full detector image of direct beam measurement
for 0.1 s to determine the beam center. (b) Detail of the direct beam measurement from (a). (c) Silver
behenate measurement with an exposure time of 180 s to calculate the detector distance. (d) Scattering
pattern of glassy carbon exposed for 180 s to draw the detector mask.
the center of mass calculated, using the software Foxtrot (developed by Xenocs and Solei
Synchrotron, Paris, France). Afterwards the detector distance is determined using Silver
behenate [5]. Silver behenate powder is placed between two Kapton sheets, which is placed
in the setup and exposed to the X-rays for several minutes. Silver behenate has distinct well
known diffraction peaks (Fig. 3.2c), by which the detector distance can be calculated. Peak
positions are determined using a Gaussian fit to each peak in Foxtrot. As a third step, glassy
carbon is exposed to X-rays for several minutes (Fig. 3.2d). The scattering pattern is used to
draw the mask for later analysis. As a last step, the dark current, which is the signal on the
detector without the X-ray shutter open, is recorded.
3.3.3 Measurements
After the calibration measurements, capillaries for the protein measurements are pre-measured
with a caliper. Only capillaries with an outer diameter between 1.4 and 1.6 mm are used, as the
diameter of the capillaries largely varies, even though they are, according to the manufacturer,
all 1.5 mm in outer diameter (Fig. 3.3).
To reduce the influence of capillaries with different thicknesses, the same capillary is used for
the buffer and the protein measurement. To obtain the thickness of the capillaries at the po-
sition where later the measurement will be performed, transmission scans of the empty cap-
illaries are done. To avoid a strong oriented scattering signal from the capillary wall, the cen-
ter of each capillary along the x-axis has to be found. The beam-stop is removed, the shutter
opened and a scan along the x-axis is performed to retrieve the positions of the capillaries. Up
to eight capillaries are placed in the sample holder and measured during one experiment. After
the transmission scans of the empty capillaries are taken, the capillaries are removed from the
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~ 1.68 mm
~ 1.25 mm
Figure 3.3: Variance of capillary diameters. Two capillaries are shown which have, according to the manufacturer,
an outer diameter of 1.5 mm. However, the thickness varies by 0.43 mm between the capillaries. For better
visualization the capillaries are filled with blue food coloring.
setup and filled with ultrapure-water, sealed with wax and the positions of the capillaries are
searched again by an x-axis scan. Transmission scans of the water-filled capillaries are taken. A
direct beam without anything in the beam path is recorded additionally. With the transmission
scans of the empty and water filled capillary, the thickness of the capillary can be calculated.
For the buffer measurement, the wax from the capillary is removed by heating it up. The wa-
ter is removed and buffer is filled into the capillary. The capillaries are again sealed, positions
found and transmission scans taken. Test measurements of 60 s and 600 s are taken with the
beam-stop in the beampath, to check if a strong oriented scattering signal (e.g. capillary walls)
is visible. If not stated otherwise, 24 scattering patterns of 600 s exposure each are recorded, so
that in the end the buffer and the sample, are each exposed for 4 h. By dividing the 4 h in 10 min
intervals, it can be checked if the sample suffers from radiation damage. After the scan is com-
pleted, transmission scans are recorded again. Now the capillaries are unsealed from wax once
more, the buffer removed and protein is filled in the capillaries. A direct beam without anything
in the beampath is taken. Again transmission scans before and after the protein measurement
are performed. For the protein, the same procedure and exposure time as for the buffer is used.
The transmission scans and the direct beams are needed to calculate the transmission values
for normalizing the data. They are measured before and after each measurement to compare
the values. If there is a large difference between both values, the primary intensity changed
during the experiment and the data cannot be used for further analysis.
3.3.4 Data Processing
The first step in processing the data is drawing a mask form the glassy carbon scattering pattern.
Dead pixels, the beam-stop and the detector grid are excluded. To check for radiation damage,
an azimuthal integration for all scattering patterns of one capillary is performed using Mat-
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Lab2017a (The MathWorks, Natick, USA) and plotted together. The script is provided by Oliver
Bunk (cSAXS beamline, SLS Switzerland). If no difference between the scattering profiles is ob-
served the scattering patterns of the same sample are summed and an azimuthal integration
is performed. The integrated scattering data are normalized to the transmission T and expo-
sure time t . The data from the buffer measurement is subtracted from the protein signal. The
resulting scattering curve is normalized to the thickness of the capillary. For the experiments
performed in Chapter 5 the data is further normalized to the CF for absolute scale. To get data
on absolute scale (cm−1) the CF needs to be calculated. This needs to be done only once for
the operating machine. In this study, water is used as a primary standard to calculate the CF.
An empty capillary is measured for 24 h and afterwards the water-filled capillary is measured
for 24 h as well. Transmission scans of both, the empty and the water-filled capillary are taken
before and after the measurement. In Appendix A the calculation of the CF for the setup in full











where µ/ρw = 10.37 cm2 g−1 taken from
https://physics.nist.gov/PhysRefData/XrayMassCoef/ComTab/water.html is the mass attenua-
tion coefficient for an energy of 8 keV and a density ρ = 1 g cm−3. Tc is the transmission through
the empty capillary and Tc+w is the transmission for the water-filled capillary.
After normalization, the data is analyzed with the software package PRIMUS [6] from EMBL
(ATSAS, EMBL, Hamburg, Germany) and self written scripts. For the different analyzing meth-
ods, a monodispers sample in solution is considered. A Guinier analysis for elongated rods is
performed by fitting the small q-values. The fitting range is adjusted such that qRc ≤ 1.3. A
drawback of the Guinier analysis is that only the beginning of the curve is taken into account
which means only a small part of the data set is used for this analysis. For analysis of the ion
experiments (Chapter 5) a polynomial is fitted to the scattering profiles and the first and sec-
ond derivative are calculated. The mean steepness (first derivative) of the whole curve and the
mean curvature (second derivative) in a range from 0.2-0.5 nm−1 are calculated. Furthermore,
the data is fitted to a model which was used by Brennich et al. [4] and Hémonnot et al. [7]
for vimentin and keratin, respectively. The model is based on a micelle model introduced by
Pedersen [8]. The radial electron density ρe of the filaments as a solid core, surrounded by a
cloud of flexible Gaussian chains is modeled (Fig.3.4). The Gaussian chains correspond to the
C-terminal regions (tails) protruding from the filament [9, 10].
The form factor of micelles is described as:






Figure 3.4: Description of the model used for fitting the data.(a) Sketch of a vimentin filament. The rod regions form
the cylindrical core (light blue) and the tail regions (dark blue) protruding from the filament form a cloud
of Gaussian chains around the core. (b) The radial electron density of the model for vimentin. The core
cylinder with the radius R corresponds to the light blue part, and the Gaussian chains with a radius of
gyration Rg refer to the dark blue parts. The total electron density is displayed by the orange line. Adapted
from [4].
F (q) =β[Fs(q)+λb2Fc (q)+2bSsc (q)+b2Scc (q)], (3.2)
where β∝β2s is the total scattering from the core per length, βs is the forward scattering of the
core per ULF, λ denotes to the average distance between the tails, b refers to the ratio between
the scattering from the cloud of tails to the scattering from the core (b =βc /βs). The four terms
define the self correlation term of the core (Fs), the self correlation of the chains (Fc ) and the
cross-term between the core and chains (Ssc ), as well as the cross-term between different chains
(Scc ). To model vimentin filaments the following assumptions have been made: (I) One ULF is
approximately 43 nm in length (l ) and has 32 monomers, corresponding to 32 tails protruding
from the filament (n) and therefore, λ= l /n = 1.34 nm. (II) The Gaussian chains are situated at
the rod surface and (III) the persistence length (0.3-2µm [11]) of the filament is larger than the
accessible length scales during the measurement. The model described above is extended by a
term that describes the vimentin tetramers. It was shown that when assembling vimentin at low
ion concentrations, tetramers are still found in the solution [12]. To account for this, the form
factor is extended as already done by Brennich et al. [4]. The tetrameric term is not described
by a model, but the scattering profile of vimentin tetramers is used. Using a least square fitting,
the optimal fit is found [13].
3.4 Microscopy Experiments
To check, whether single filaments or networks of vimentin are formed AFM and fluorescence
microscopy experiments are performed additionally to the SAXS measurements.
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3.4.1 Atomic Force Microscopy
For AFM measurements, dried vimentin on mica sheets are prepared. First, a mica sheet is
glued to a glass slide using UV-curable adhesive NOA81, and cured for 30 min by UV-radiation
(365 nm, 2 x 8 W; Herolab GmbH, Wiesloch, Germany). The mica sheets are cleaned using sticky
tape. Assembled vimentin is diluted 1:5 in buffer, mixed 1:1 with 0.25 % glutaraldehyde diluted
with the same buffer as the assembled vimentin is stored (e.g. 100 mM KCl in 2 mM PB) and
incubated for 30 s to fix the filaments. After fixation of the sample, 50µL are added to the mica
substrate and incubated for 1 min before rinsing everything thoroughly with water. Mica sheets
are dried using nitrogen gas and are stored until use in petri dishes sealed with parafilm. Mea-
surements are performed with an MFP-3D Infinity AFM (Asylum Research, Oxford Instruments,
Abingdon, U.K.) equipped with a micro cantilever (resonant frequency of 70 kHz and a spring
constant of 2 N/m, Olympus, Tokyo, Japan). All images are analyzed with the open source soft-
ware Gwyddion (http://gwyddion.net/).
3.4.2 Fluorescence Microscopy
An inverted FluoView IX81 confocal microscope (Olympus, Tokyo, Japan) is used for fluores-
cence microscopy, equipped with a 60X UplanSApo oil objective (numerical aperture of 1.45,
Olympus, Tokyo, Japan). To detect the labeled vimentin, a laser with an excitation wavelength
of 635 nm is used and the signal is recorded. In total, 10µL of the protein solution is added be-
tween two cover slips and directly imaged. All images are obtained at room temperature and
analyzed with the open source software ImageJ (https://imagej.nih.gov/ij/).
3.5 Time-Resolved SAXS Experiments
Time-resolved SAXS experiments require a high flux and a small beam. Therefore, these experi-
ments are performed at two different synchrotrons. At the ID13 beamline of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France and at the cSAXS beamline of the Swiss
Light Source (SLS, Villigen, Switzerland) experiments are performed.
3.5.1 Finite Element Method Simulations
A time-resolved observation of vimentin assembly will be investigated. This is achieved using
microfluidics. For experiments a 5-inlet and 1-outlet geometry is chosen (Fig.3.5 a). Through
the central inlet the protein is pumped into the system. Through two sheath inlets, buffer with-
out assembly reagents is pumped to shield the protein from the assembly buffer until the pro-
3.5. Time-Resolved SAXS Experiments 45
tein stream is focused [14]. Via the side inlets the assembly buffer is injected. By mixing of the
assembly buffer with the protein the assembly starts. By investigating different positions in the
channel, the different assembly states can be observed. Flow Simulations for the protein in the































Figure 3.5: Device geometry and protein stream width. (a) Sketch of the device geometry used during the time-
resolved measurements. The device consists of five inlets: central (protein/colloids), two sheath (buffer),
two side inlets (assembly buffer/buffer) and one outlet. (b) The protein concentration at the position of
the red line in (a). A stream width of roughly 10 µm (full width half maximum) is achieved with the flow
rates used.
The 3D geometry of the desired microfluidic channels is designed in the software. The channels
are 200µm wide and 160µm high. To reduce the computational time and due to symmetry in
the device only half the device is simulated. A physics controlled adaptive mesh size is used
for the simulations, with mesh sizes ranging from 0.07 to 4.5µm. All simulations are performed
with no-slip boundary conditions at the channel walls and laminar flow. Diffusion constants for
KCl and vimentin are DKC l = 1.84·10−9 m2/s and Dvi m = 2.2·10−11 m2/s. During protein assem-
bly, the diffusion constant of vimentin decreases, however this is not included in the simulation,
as viscometry measurements showed that the viscosity only increases by a small amount during
the first seconds of vimentin assembly [15, 16]. Therefore, the diffusion constant of tetrameric
vimentin is used for the whole simulation. For the experiments, a fast mixing of protein with
the assembly buffer is desired. This can be achieved by a narrow protein stream width. Here, a
stream width of roughly 10µm is chosen, as the diffusion of the salt of the assembly buffer into
the protein steam is on the order of ms. To gain a 10µm protein stream flow rates are adjusted to
150 µL/h for the side inlet, 7.5 µL/h for the sheath inlet and 15 µL/h for the central inlet (Fig.3.5
b). The small negative dip in the simulation at around 80-90µm is probably due to a coarser
mesh size at this position and computational errors (Fig. 3.5b).
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3.5.2 Preparation of Microfluidic Channels
For the experiments, two different types of devices are used. One type consists of two Kapton
sheets (8µm thick) glued together with an UV-curable adhesive NOA81. A similar protocol is
described in [17]. The other device type is solely made out of Cyclic Olefin Copolymer (COC). A
detailed description on how to prepare COC devices can be found in Chapter 6 [18].
Device Master
For the preparation of the microfluidic devices, a device master is needed, which is produced
by Gerrit Brehm. The device master had a height of 160µm to 200µm for the performed exper-













Figure 3.6: Manufacturing steps of the device master. (a) A clean Si-wafer is used and (b) SU-8 2150 is spin coated
on the wafer. (c) A photo mask with the device geometry is aligned with the wafer with resist and (d) the
resist is cured with UV-light at the exposed places. (e) After removing the non-cured resist the wafer with
the microfluidic channels is finished.
The channel structure is transferred from a mask onto the Si-wafer using soft photolithogra-
phy methods. A Si-wafer (Fig. 3.6a) is rinsed with 2-propanol and dried for 20 min at 200 ◦C.
Afterwards the Si-wafer is coated by spincoating using ∼ 2 mL of SU-8 2150 (SU-8, MicroChem,
Newton, USA) in three steps (Fig. 3.6b). In the first step, the wafer is spun for 30 s at 500 rpm
with an acceleration of 100 rpm/s on a spincoater (Optispin SB20, ATMgroup, Salem/Beuren,
Germany). In the second spinning step the wafer is spun again for 30 s at 1250 rpm and an ac-
celeration of 200 rpm/s. In the last step the speed is increased to 2000 rpm with an acceleration
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of 300 rpm/s and a duration of 60 s. The spincoating is followed by a soft bake step for initially
7 min at 65 ◦C. Next, the wafer is transferred to a hot plate at 95 ◦C for 30 min. As the SU-8 2150 is
very viscous accumulated resist at the edge of the wafer is clearly visible. An edge bead removal
is performed, as suggested by the resist provider. After the soft bake step the edge bead removal
is performed. The wafer is spun with a spincoater, while developer solvent (mr-Dev 600, mi-
croresist technology, Berlin, Germany) is carefully dropped on the edges of the wafer to remove
the excess SU-8 2150. The spinning for the edge bead removal is performed in two steps. For
the first 15 s a speed of 500 rpm and an acceleration of 100 rpm/s is used. In the second step the
speed is increased to 2000 rpm for 30 s with an acceleration of 300 rpm/s. After the edge bead
removal, the wafer is baked for 25 min at 95 ◦C. With the mask aligner (MJB4, SÜSS MicroTec AG,
Garching, Germany) a mask (Selba S.A.,Versoix, Switzerland) with the desired channel structure
and the wafer are brought in position and exposed to UV-light (Fig. 3.6c). The exposure is per-
formed at 22 mW/cm2 for 20 s with a laser wavelength of 365 nm. A post exposure bake follows
to cross-link the UV-light exposed parts in two steps. Initially for 5 min at 65 ◦C and afterwards
for 20 min at 95 ◦C (Fig. 3.6d). Finally, the non-exposed SU-8 2150 is removed using the SU-8
developer. The wafer is placed into a beaker filled with the developer and incubated for 20 min.
Gentle shaking of the beaker helps to remove the resist. After 20 min the wafer is taken out of the
beaker, rinsed first with acetone, afterwards with 2-propanol and finally with ultrapure-water
and dried with nitrogen. A final hard bake step for 5 min at 150 ◦C is performed. In a very last
step, the wafer is coated with fluorosilane ((heptafluoropropyl)trimethylsilane) for at least 1 h
(Fig. 3.6e), so that lateron PDMS can be peeled of the wafer more easily.
UV-curable adhesive Kapton Devices
The protocol for preparation of UV-curable adhesive/Kapton devices is adapted from [17]. For
the UV-curable adhesive/Kapton devices two 8µm thick Kapton foils are used. First the device
master is cleaned from dust particles (Fig. 3.7a) using 2-propanol. A PDMS stamp is prepared
from the device master (Fig. 3.7b). PDMS and a Sylgard 184 cross-linker are mixed at a ratio
of 10:1 and the PDMS is desiccated for 15 min to remove air bubbles. PDMS is poured on the
device master and desiccated again for 15 min so that all air bubbles are removed. The PDMS
is then hardened for 2 h at 65 ◦C. The PDMS is cut with a scalpel and carefully removed from
the device master using 2-propanol. A second PDMS stamp is fabricated from the first one
(Fig. 3.7c). The edge of the first PDMS stamp is colored with permanent marker. The PDMS
stamp is placed into the plasma cleaner (PDC-32GHarrick Plasma, Ithaca, NY, USA) which is
connected to a vacuum pump. Air is extracted from the plasma cleaner until a plasma with
a purple-pink shade is visible. After 30 s of plasma activation the PDMS stamp is coated with
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70µl hexamethyldisilazane (HMDS) for 10 min in a desiccator. By coating of the stamp with
HMDS, the second PDMS stamp can be detached more easily from the fist one. Desiccated and
air-bubble free PDMS is poured onto the PDMS stamp and it is desiccated for 15 min. PDMS is
hardened for 2 h at 65 ◦C. After the PDMS is hardened, the PDMS is cut inside the colored edge
of the first stamp. As the first and second PDMS stamp are still bound together, both are cut
out. Both PDMS stamps are carefully detached from each other. Each stamp is only used once,
as the channel structure may have tiny cracks. UV-curable adhesive NOA81 is pipetted on the
channel structure and desiccated for 15 min to remove air bubbles from the structure (Fig. 3.7
d). In the meantime, an aluminum block is cleaned with 2-propanol. A Kapton foil is placed
on the aluminum block and the foil is flattened as thoroughly as possible. UV-curable adhesive
NOA81 is put on the Kapton foil (Fig. 3.7e) and the PDMS stamp is pressed on top and all air
bubbles are pressed out. Under the UV-lamp (365 nm, 2 x 8 W; Herolab GmbH, Wiesloch, Ger-
many) the UV-curable adhesive is partially cured for 3 min (Fig. 3.7f). Afterwards the holes for
the inlet and outlet are made using a biopsy puncher with a diameter of 0.75 mm (Harris Uni-
CoreTM puncher, Plano, Wetzlar, Germany)(Fig. 3.7g). The PDMS stamp is carefully removed
and the excessed UV-curable adhesive NOA81 at the edges is cut away (Fig. 3.7 h). On a second
aluminum block, a second Kapton foil is prepared as described before. The partially cured UV-
curable adhesive is pressed on the second Kapton foil, while wrinkles are to be avoided. The
device is cured for at least 1 h under the UV-lamp (Fig. 3.7i) and finally cut to fit into the sample
holder (Fig. 3.7j).
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Figure 3.7: Manufacturing of UV-curable adhesive/Kapton devices. (a) The device master is cleaned from dust. (b) A
PDMS copy (blue) of the channel structure is produced. (c) A second PDMS-stamp is produced by plasma
activating the first stamp and coating it with HMDS. (d) UV-curable adhesive is placed on the second
PDMS stamp and desiccated for 15 min to remove air bubbles. (e) UV-curable adhesive is dropped on the
Kapton foil. (f ) PDMS stamp and Kapton foil, both with UV-curable adhesive, are brought together and
the UV-curable adhesive is partially cured for 3 min with UV-light. (g) Holes are punched for the in- and
outlets of the channel. (h) The PDMS stamp is removed. (i) A second layer of Kapton foil is placed on the
partially cured UV-curable adhesive and fully cured with UV-light. (j) The device is cut in a final step.
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3.5.3 Experimental Setup at ESRF - ID13 Beamline
Experiments are carried out at the experimental hutch II of the ID13 beamline of the ESRF.
A schematic representation of the setup is shown in Fig. 3.8. The beam is produced by elec-
trons which are additionally accelerated by a vacuum undulator. Using a liquid nitrogen cooled
double-crystal Si(111) monochromator, an energy of 13.9 keV is selected and first beam focus-
ing is performed. The small beam size is achieved using 54 beryllium compound refractive
lenses (Be-CRL) [19]. For micro-SAXS conditions, three additional apertures are in the beam
path. Measurements at the ID13 beamline are carried out at a primary beam intensity of 8·1011
photons per second. The beam size during the experiment is 2.7 x 1.7µm2. The sample in the
sample holder is mounted on a scanning stage. Using a light microscope that can be moved in
the X-ray path, the microfluidic channels can be brought into focus of the beam. A 7 cm long
helium filled flight cone with a polypropylene window is placed after the sample to reduce air
scattering. A beam-stop, which is a few mm in length and roughly 300µm in diameter, is placed
to block the primary beam. Finally the signal is recorded at a sample to detector distance of



















Figure 3.8: Scheme of the experimental hutch II of the ID13 beamline at the ESRF. The monochromatized beam is
focused by beryllium compound refractive lenses. The sample is placed at the focal spot with a beam size
of roughly 2.7 x 1.7µm2. With a microscope, which can be moved in the beam path, the sample positions
can be chosen. A beam-stop right after the the 7 cm long flight tube blocks the primary beam. Data is
recorded on the detector.
3.5.4 Experimental Setup at SLS - cSAXS Beamline
At the SLS in Swizerland, the experiments are conducted at the cSAXS beamline. A schematic
representation of the cSAXS beamline is shown in Fig 3.9. The beam is produced by accelerated
electrons, which get accelerated additionally with an undulator source. The energy of 11.2 keV
is selected using a double-crystal Si(111) monochromator. Furthermore, the monochromator
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is used for focusing of the beam in horizontal direction. A bendable mirror is used for focusing
the beam in vertical direction. Slits before the monochromator and after the bendable mirror
are used to clean the beam from parasitic scattering. Slits with a horizontal aperture are used to
optimize the beam size, however reduce the flux by around 50 %. The beam intensity is 2·1011
photons per second. At the focal point where the measurements take place, the beam size is
about 12 x 29µm2. The position of the microfludic channels can be observed with a microscope,
to which the sample can be moved without changing the z position. Directly behind the sample,
a 7 m long evacuated flight tube is located to reduce parasitic air scattering. A beam-stop is
located at the end of the flight tube to block the primary beam. At a sample to detector distance
of 7.087 m a Pilatus 2M detector (1475 x 1679 pixels, pixel size: 172 x 172 µm2, SLS detector


















Figure 3.9: Representation of the cSAXS beamline at the SLS. The monochromatized beam is focused by slits and
a beandable mirror. The sample is placed in the focal spot with a beam size of about 12 x 29µm2. The
sample positions could be chosen, with a microscope at the beamline. A beam-stop right after the 7 m
long evacuated flight tube and before the detector blocks the primary beam intensity. Data is recorded on
the detector
3.5.5 Sample Preparation and Measurement at the Beamline
At the synchrotron, all buffers and the protein solution are degassed prior to usage. Polyethy-
lene tubing (inner diameter 0.38 mm, outer diameter 1.09 mm, Intramedic Clay Adams Brand,
Becton Dickinson and Company, Sparks, USA) is connected to the sample holder (Fig 3.10).
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Figure 3.10: Sample holder for the microfluidic devices. (a) Scheme of the sample holder, consisting of a metal back
and top plate and a PVC plate with indention for the o-rings. The back plate and the PVC plate sand-
wich the device. Tubing is threaded through the top and PVC plate and made leak-tight by the o-rings.
(b) Picture of the sample holder with a UV-curable/adhesive device ready to measure.
The sample holder based on one shown in Urbani’s dissertation [21] and developed further by
Gerrit Brehm, consists of two metal plates that sandwich a polyvinylchloride (PVC) plate and
the device (Fig. 3.10a). The plates contain a window for the measurements. The front metal
plate and the PVC plate contain small holes for the tubing. Tubing is threaded through the
holes. Small o-rings, which are placed in intentions in the PVC plate, make the sample holder
leak-tight. The device is aligned with the tubing on the PVC plate and fixed with sticky tape.
The construction is fixed with screws. The metal back-plate is larger than the other plates, as it
serves as an adapter to the beamline sample stage.
The device is filled with buffer, and the ends of the tubing are sealed after the complete device
and tubing is filled with buffer and no air bubbles are inside the system. Hamilton Gastight glass
syringes (Bonaduz, Switzerland) with 1 mL for side inlets and 0.5 mL syringes for the sheath and
central inlet are used. In protein experiments the syringes for the side inlets contained the as-
sembly buffer (2 mM PB, 100 mM KCl, pH 7.5), for the sheath inlet only buffer (2 mM PB, pH 7.5)
and the central inlet the protein solution (vimentin wt in 2 mM PB, pH 7.5) is filled in the syringe.
For colloid experiments the syringes for the side and sheath inlets are filled with phosphate-
buffered saline (PBS) and the central syringe contains the colloids in PBS. The syringes are con-
nected to the syringe pumps (neMESYS, Cetoni GmbH, Korbußen, Germany), which allowed
a precise flow control. To set up a measurement at the beamline, the outlet tubing is opened.
First, one sheath buffer syringe is started with a high flow rate. The tubing is cut open and the
syringe connected to the tubing, introducing a small air bubble to the system. This is done to
see where the content of the syringe is at the moment, as the whole device is filled with buffer.
For the second sheath buffer the procedure is repeated. As soon as both air bubbles exit from
the outlet the flow speed is decreased to about 200µL/h. Afterwards the side inlets are started at
a high flow rate with again introducing a small air bubble. As soon as the air bubble is near the
device, the speed is reduced to 100µL/h. The same is repeated for the second side inlet. After
that, the side inlets are reduced to 50µL/h, whereas the sheath buffer inlets are kept constant
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at 200µL/h. At last, the central inlet is started in the same way as the previous inlets. As soon
as the air bubble entered the tubing, the flow rates of all inlets are slowly reduced to the final
flow rates of 150µL/h and 7.5µL/h for the side and sheath inlets respectively and 15µL/h for
the central inlet. The buffer measurement is performed. First the cross-section of the device is
located. From this position a mesh can be defined where the measurement is performed. The
mesh is defined in both directions, so that the tetrameric signal from the protein, as well as the
signal from the assembling protein can be detected. The width of the mesh is larger than the
central channel, so that the whole channel width can be detected (Fig. 3.11).
Figure 3.11: Schematic representation of the mesh used in synchrotron experiments. The device geometry is outlined
in black, with a representation of the mesh (light blue) as used in synchrotron experiments. Note that
the mesh size during the experiments is smaller than indicated here. The mesh has a larger size than the
actual channel width to ensure that the whole channel is measured.
A microscopy image of the region of interest is taken before and after the X-ray scan. After the
measurement, the central and the sheath inlets are increased in velocity until the air bubble of
the central inlet is near the device. The air bubble is the border between buffer and gold col-
loids/protein. Velocities are reduced to 50µL/h. As soon as all air bubbles are gone, the veloci-
ties are set to the same velocities as for the buffer measurement. The same mesh is taken for the
protein measurement as it is defined for the buffer measurement. During the scan, a darkfield
image is calculated. The sum over the whole scattering pattern is taken. With this method it can
be observed if clogging of the protein occurred or if an air bubble has formed in the channel. At
ID13 each position is exposed for 1 s. For measurements at the cSAXS beamline 5 x 1 s exposure
is chosen for each position.
3.5.6 Data Processing
For data processing, a mask is drawn and an azimuthal integration is performed. Background
subtraction is performed by subtracting the buffer signals from exactly the same position as the
protein signal. By doing so, an unevenness of the devices can be overcome, which would lead
to a false signal. The channels do not have the same height over the whole length of the device.
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Thus, to minimize the different sample heights, the buffer signal recorded at the same position
as the protein signal is subtracted.
After azimuthal integration, the scattering profiles of the colloid data are analyzed the follow-
ing: First a Guinier analysis of the small q-values using Equation 2.25 is performed with the
software package PRIMUS (ATSAS, EMBL, Hamburg, Germany). As a limit for Guinier analysis
qRg ≤ 1.3 is used. Guinier analysis for the data taken at ID13 could not be performed, as the
q-range did not include the low q-values needed. In a next step the pddf p(r ) is calculated with
Equation 2.29 to validate the results from the Guinier analysis. This analysis is also performed
using PRIMUS (ATSAS, EMBL, Hamburg, Germany). In a last step the form factor P (q,R) for
solid spheres is fitted to the data using Matlab2017a (The MathWorks, Natick, MA, USA). The







Data from the protein measurements could not be analyzed sufficiently due to clogging of the
protein in the channel and therefore, those experiments are only used as a proof of principle.
Scattering profiles of only four positions could be extracted. With these four positions, the as-
sembly process could not be deciphered in detail.
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3.6 Materials
Table 3.5: Used chemicals and the respective company
Chemical Company
1.5 mm quartz glass capillaries Hilgenberg, Malsfeld, Germany
2-inch silicon wafer MicroChemicals, Ulm, Germany
50 kDa cut-off Tubing SpectraPor, Carl-Roth GmbH, Karlsruhe, Ger-
many
ATTO647N-maleimide ATTO-TEC GmbH, Siegen, Germany
CaCl2 Carl-Roth GmbH, Karlsruhe, Germany
COC (20 µm thick) Topas 8007; TOPAS Advanced Polymers GmbH,
Frankfurt, Germany
COC (240 µm thick) msc foil 029;Microfluidic ChipShop GmbH,
Jena, Germany
cover slips (thickness No. 1) VWR, Radnor, PA, USA
DTT Carl-Roth GmbH, Karlsruhe, Germany
Escherichia coli T61 cells #3017, Zymo research, Irvine, Califor-
nia, USA
EDTA Carl-Roth GmbH, Karlsruhe, Germany
EGTA Carl-Roth GmbH, Karlsruhe, Germany
fluorosilane Sigma-Aldrich, Munich, Germany
glass slides (76 mm x 26 mm) Duran Group, Wertheim/Main, Germany
glutaraldehyde Polysciences Europe GmbH, Hirschberg an der
Bergstrasse, Germany
Gold colloids 10 nm Sigma-Aldrich, Munich, Germany
Gold colloids 15 nm Sigma-Aldrich, Munich, Germany
HCl Carl-Roth GmbH, Karlsruhe, Germany
HMDS Sigma-Aldrich, Munich, Germany
Hexammine-cobalt(III)chloride Sigma-Aldrich, Munich, Germany
Kapton foil (8 µm thick) SPEX SamplePrep, Metuchen, USA, 3511 KAP-
TON
KCl Carl-Roth GmbH, Karlsruhe, Germany
MAC Sigma-Aldrich, Munich, Germany
MgCl2 Sigma-Aldrich, Munich, Germany
Mica sheets (grad V5, 25 mm x 25 mm) 53-25; TED Pella, Inc., Redding, USA
MOPS Carl-Roth GmbH, Karlsruhe, Germany
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Chemical Company
mr-Dev 600 (developer solution) MicroChem, Newton, USA
Na2HPO4 Carl-Roth GmbH, Karlsruhe, Germany
NaCl Carl-Roth GmbH, Karlsruhe, Germany
NaH2PO4 Carl-Roth GmbH, Karlsruhe, Germany
NaOH Carl-Roth GmbH, Karlsruhe, Germany
NOA81 Norland Optical Adhesives, Cranbury, NJ, USA
PBS Invitrogen AG, Carlsbad, California, USA
PDMS Dow Corning, Midland, USA
Spermine Sigma-Aldrich, Munich, Germany
SU-8 2150 MicroChem, Newton, USA
Sylgard 184 cross-linker Dow Corning, Midland, USA
TRIS Carl-Roth GmbH, Karlsruhe, Germany
urea Carl-Roth GmbH, Karlsruhe, Germany
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Chapter 4
Comparison of Different Buffers and their
Effects on Intermediate Filaments
4.1 Importance of Buffers
When performing experiments in vitro, they are mostly carried out in solutions. As the pH of
the solvent can influence cell metabolism, chemical reactions or protein shapes, it is necessary
that the pH of the solvent does not change too drastically during the experiments. The pH plays
a crucial role in, e.g., the way vimentin subunits assemble to form mature filaments [1]. Fur-
thermore, the pH can trigger the assembly of proteins [2]. To avoid uncontrolled changes in the
pH, it is of high importance to have an appropriate buffer system. The buffer stabilizes the pH,
however the buffer itself can influence biological systems as well. Therefore, the buffer needs to
be chosen wisely according to the overall requirements during the experiments. In 1966, Good
and his coworkers proposed a total of twelve so called Good buffers which should fulfill the cri-
teria for good biological buffers [3, 4]. The original twelve pH-buffers introduced by Good et al.
were completed by many more and nowadays a total of more than 30 Good buffers are available.
According to Good et al., buffers should fulfill the following criteria: (I) The buffer should have
a buffering range between pH 6-8, as many biological reactions take place in this regime. (II) It
should have a maximal water solubility, meaning the pH should not change when diluting the
buffer. (III) Furthermore, it should have a minimal lipid solubility, not to penetrate for example
cell walls. (IV) The ionic strength of the system should not be influenced by the buffer. (V) The
buffer should not be influenced by the temperature. (VI) There should be no influence of com-
plexation of the buffer with cations and (VII) the buffer should be stable and have no enzyme
inhibitory characteristics. (VIII) Additionally, the buffer should not absorb light above 240 nm
as this could interfere with spectrometry. (IX) And lastly, the buffer should be easy to produce
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and inexpensive.
There is no buffer system available that can fulfill all criteria, Good et al. proposed, equally well.
Even tough TRIS does not belong to the Good buffers it was proven to work for many biological
experiments. However, one should keep in mind that TRIS buffers change the pH depending
on the temperature. It has been shown, that TRIS buffer adjusted to a pH of 7.8 at room temper-
ature has a pH of 7.4 at 37 ◦C and a pH of 8.4 in the cold room [4]. Thus, TRIS is unsuitable in
pH sensitive experiments when the temperature is changed. TRIS furthermore has a drastically
reduced buffer capacity below a pH of 7.5 and is toxic for cells, as it can penetrate lipid mem-
branes. Another frequently used and more physiological buffer system is PB. It is non-toxic,
cheap and very easy to prepare. However, also this buffer system has disadvantages. The buffer-
ing capacity above pH 7.5 is poor and the pH changes upon dilution. Furthermore, phosphate
plays an active part in many biological processes e.g. the phosphorylation of vimentin [5] and
thus the buffer can influence reactions.
Despite the general disadvantages both buffer systems work very well and are commonly used
for IFs and in particular vimentin experiments [6–9], whereas the buffer for keratin experiments
is mostly TRIS [10, 11]. Mücke et al. compared vimentin in TRIS and PB and showed that in both
buffers ULFs as well as filaments are formed and no differences between the filaments assem-
bled in one of the two buffer systems are observed [8]. However, it has been shown that both
buffers interact with several ions. Larson et al. showed that PB can complex with polyvalent ions
like Ca2+ [12]. The interaction of divalent metal ions with TRIS was studied and complexing was
shown with Co2+ and Zn2+ [13].
To study the effects of different ions on vimentin filaments and filament formation under com-
parable conditions, it is necessary that the buffer system does neither interact with one of the
ions nor with the vimentin protein, e.g., initiate assembly of the vimentin protein.
There are many promising buffers to choose from, however we decided to take MOPS, which
has a pKa of 7.2. As the pH during the experiment will be 7.5, the buffer used should have a pKa
near 7.5, which MOPS fulfills. Several studies with MOPS and metal ions were performed dur-
ing the last years leading to contradicting results on e.g. zinc and copper [14, 15]. Despite the
contradicting results about complexation it is still concluded by Ferreira et al. that MOPS buffer
is a non-complexing buffer [3]. However, interactions between buffer and vimentin protein still
need to be investigated.
To investigate whether MOPS is also suitable for vimentin experiments, the behavior of vi-
mentin protein is compared in low (2 mM) and high (20 mM) TRIS, PB and MOPS buffers. The
lower concentration is chosen according to the standard vimentin assembly protocol [6–8]. The
higher concentration is chosen to gain a better buffer capacity of the system. However, the prob-
ability that a higher buffer concentration influences the chemical balance of the system is high.
4.2. Influence of the Buffers on Tetrameric Protein 63
The tetrameric state (meaning no assembly reagents added) as well as the assembled filament
state of vimentin (addition of 100 mM KCl) are investigated using AFM and SAXS. With AFM
the overall filament structure can be observed, whereas SAXS yields information of the protein
radius. While in PB the formation of filaments is initiated by the addition of 100 mM KCl, the
standard protocol for TRIS proposes a change of the pH from 8.4 to 7.5, an increase of the buffer
concentration from 5 mM to 25 mM and the addition of 50 mM NaCl [8]. However, to make TRIS
experiments more comparable to PB and MOPS, TRIS is kept at 2 mM or 20 mM concentration
and the pH is not changed during the experiments shown here. Assembly is initiated by adding
100 mM KCl, likewise to PB and MOPS experiments.
4.2 Influence of the Buffers on Tetrameric Protein
At first, the tetrameric state of vimentin is investigated in all three buffers at the low and high








Figure 4.1: Typical AFM images of tetrameric vimentin in different buffers: vimentin in 2 mM (a) TRIS, (b) PB and
(c) MOPS buffer, each at pH 7.5. Vimentin at the high buffer concentration of 20 mM is shown in (d) TRIS,
(e) PB, (f) MOPS buffer. Whereas nothing is visible at the low buffer concentration, small (roughly 200 nm
long) vimentin aggregates are visible in the high buffer concentration.
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sults are presented in Fig. 4.1.
In Fig. 4.1 (a-c) vimentin protein in the three different buffers (TRIS, PB and MOPS) at low buffer
concentration is shown. No aggregates are visible in any of the images, indicating that the struc-
tures in those solutions are smaller than what can be detected. In contrast, at high buffer con-
centration small structures, most likely aggregated or assembled vimentin protein, can be ob-
served in all buffer systems. In the images, it seems that in TRIS and PB (Fig. 4.1d and e) more
aggregates are visible than in MOPS buffer (Fig. 4.1f).
In addition to AFM experiments, SAXS measurements are performed three to six times per
















Figure 4.2: Scattering profiles of vimentin filaments assembled with 100 mM KCl in 2 mM MOPS buffer. In total six
different measurements are performed and the scattering profiles retrieved.
In Fig. 4.2 the scattering profiles of vimentin filaments assembled with 100 mM KCl in 2 mM
MOPS buffer are shown. For this experiment, six different experiments are conducted. All data
are analyzed separately, however only one typical SAXS profile of vimentin protein in each
buffer is shown in Fig. 4.3. An average is not calculated as the experiments are performed on
different days and slight changes in the sample to detector distance are observed, which lead to
a different q-range.
When looking at the scattering profiles of vimentin protein in the three buffers, it can be ob-
served that there is no difference between the signals in the three buffers at low concentration,
however the profiles of vimentin protein at high buffer concentrations are very different com-
pared to the scattering profiles at low buffer concentration. The scattering curves of vimentin
protein at low q-values are higher in intensity for the high buffer concentration than for vi-


















Figure 4.3: Scattering profiles of tetrameric vimentin at low (2 mM) and high (20 mM) buffer concentration. Three
different buffers (TRIS, PB and MOPS) are tested. Scattering profiles of vimentin in the low buffer concen-
tration are very similar, however in the high buffer concentration the scattering profiles look different.
mentin in the low buffer concentration. For the high TRIS and PB buffer concentration the in-
tensity is even higher than for vimentin protein in the high MOPS concentration. The vimentin
curves in the high buffer concentrations are steeper than those in the low buffer concentra-
tion, indicating that the protein radius increases. By performing a Guinier analysis of the data
at small q , the radius of gyration for elongated objects Rc as well as the I (0) value can be ex-
tracted (Equation 2.27). Guinier analysis is performed on all data and the results for Rc and I (0)
are shown in Fig. 4.4.
For the low buffer concentration, vimentin protein in all buffers has an average value of Rc ≈
2.4 nm, whereas for the high buffer concentration the radius of the vimentin protein varies from
Rc ≈ 4.1 nm in MOPS to Rc ≈ 6.2 nm in TRIS buffer (Fig. 4.4a). The Rc values found for vimentin
protein in low buffer concentration are in agreement with the literature [7]. The increase in the
radius for vimentin at the higher buffer concentration is already seen in the AFM images, where
under these conditions small structures, most likely vimentin filaments or aggregates were ob-
served.
Fig. 4.4b shows the I (0) values extracted from the Guinier fits. Having I (0) on arbitrary unit scale,
the values can not be used to compute the molecular weight, however the values can be com-
pared with each other. The values for vimentin at the low buffer concentration are all very sim-
ilar. On the contrary, the I (0) values for vimentin protein in the high buffer concentration are
different, following the same trend as the Rc values (TRIS has the highest value and MOPS the
lowest).

























Figure 4.4: Guinier analysis of the scattering profiles of vimentin in the the three buffers (TRIS, PB and MOPS) at low
(2 mM) and high (20 mM) concentration. (a) Radius of gyration (Rc ) for vimentin in the three different
buffers at low and high buffer concentration. (b) I (0) retrieved from the analysis for vimentin in the
six different conditions. Similar Rc and I (0) values are found at the low buffer concentration. Different
values are retrieved for the three buffers at the high buffer concentration.
4.3 Influence of the Buffers on Filamental Protein
All experiments performed with vimentin protein in the tetrameric state are repeated for vi-
mentin after adding 100 mM KCl. For vimentin in PB the addition of 100 mM KCl leads to the
formation of mature filaments [6, 7, 16]. Typical AFM images of vimentin in all buffer conditions
are shown in Fig. 4.5.
While there are long vimentin filaments at low buffer concentration and shorter filaments in
the buffer with higher concentration, there seems to be no difference between the vimentin fil-
aments in the different buffers at the same condition (Fig. 4.5). However, AFM experiments are
only conducted to review whether filaments are observed at all or not. Therefore, these results
should not be overinterpreted as the filament length was not quantified (due to the overlapping
of the filaments), and the experiment was only performed twice. In addition, networks and ag-
gregates of long vimentin filaments are likely to be washed away during sample preparation and
therefore, not detected during the measurements. Thus, from the AFM experiments performed
during this work, it cannot be conclusively said if the filament length varies between the low
and the high buffer concentration. An analysis of the length distribution of the filaments could
not be performed, due to the overlapping of the filaments.
Again, SAXS measurements are performed and the typical SAXS profiles of vimentin filaments
in each buffer at the two different buffer concentrations are shown in Fig. 4.6.
The scattering profiles for all six conditions look very similar. The profiles start at similar inten-








Figure 4.5: AFM images of vimentin assembled to filaments in 100 mM KCl in different buffers: vimentin in 2 mM
(a) TRIS, (b) PB and (c) MOPS buffer, each at pH 7.5. Vimentin at the high buffer concentration of 20 mM
is shown in (d) TRIS, (e) PB, (f) MOPS buffer. At the low buffer concentration, vimentin forms elongated
filaments and no difference between the different buffers can be seen. At the high buffer concentration,
filaments form as well. However, the imaged filaments are shorter and fewer.
sity values at low q . However, the profiles of vimentin filaments at high buffer concentration
are steeper than the scattering profiles of vimentin filaments at low buffer concentration. Espe-
cially the vimentin filament curves in high TRIS and PB are steeper than the others. Again, the
Guinier analysis is performed and the results are displayed in Fig. 4.7.
When looking at the Rc values (Fig. 4.7a) no difference between vimentin assembled in the three
buffers at low buffer concentration can be observed. The filaments have a radius of gyration of
Rc ≈ 5.6 nm, which is in agreement with the literature [7]. On the contrary, the Rc values for
vimentin filaments in the high buffer concentration are larger and range from Rc ≈ 6.3 nm for
vimentin in MOPS buffer to Rc ≈ 7.4 nm for filaments in TRIS buffer. Looking at the I (0) values
retrieved from the Guinier analysis (Fig. 4.7), the values for vimentin filaments in low buffer
concentration are all very similar (Fig. 4.7b). For the high buffer concentration the retrieved I (0)
values are very similar to each other and similar to the values retrieved for vimentin filaments
in the low buffer concentration.


















Figure 4.6: Scattering profiles of vimentin filaments at low (2 mM) and high (20 mM) buffer concentrations. Three
different buffers (TRIS, PB and MOPS) are measured. All scattering profiles look similar. However, the

























Figure 4.7: Guinier analysis of the scattering profiles of vimentin filaments in the low (2 mM) and high (20 mM)
concentrations of the three buffers (TRIS, PB and MOPS). (a) Radius of gyration (Rc ) for vimentin at low
and high buffer concentration in TRIS, PB and MOPS buffer. (b) I (0) values retrieved from the analysis
for vimentin filaments. Similar Rc and I (0) values are found at the low buffer concentration. The Rc
values are slightly larger in the high buffer concentration, however the I (0) values are very similar in all
six conditions.
4.4 Summary and Discussion
To rule out an influence of the buffer used for assembly experiments, three different buffers
(TRIS, PB and MOPS) are investigated at a low (2 mM) and high (20 mM) concentration. PB and
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TRIS buffer are commonly used for vimentin experiments, however both buffers interact with
several ions e.g. Ca2+ or Zn2+ [12, 13]. To investigate the influence of ions on the assembly of
vimentin, it is of high importance to have a buffer which does not interact with the ions. Summa-
rizing the AFM and SAXS experiments, it can be concluded that there is no obvious difference
between the tetramers and filaments measured in the three buffers at a low buffer concentra-
tion. The AFM images for the tetrameric state (Fig. 4.1a-c) are all similar showing no aggregated
vimentin structures. Also, the filaments are similarly assembled in the three buffers at low con-
centration (Fig. 4.5a-c). From the AFM experiments no difference in the behavior of vimentin
in the buffers can be detected. The performed SAXS experiments indicate the same. Scattering
curves for tetrameric vimentin (Fig. 4.3) as well for the filamental state (Fig. 4.6) show no differ-
ence for different buffers at low buffer concentration. Guinier analysis of vimentin in the low
buffer concentration results in similar Rc and I (0) values for all three buffers. The tetrameric
state yields a value of roughly Rc ≈ 2.4 nm and the filamental state a value of Rc ≈ 5.6 nm which
is in agreement with the literature [7, 17, 18]. The I (0) values can not be related to the molecular
weight as the data are not on absolute scale, however all measurements are taken at the same
setup and therefore, should be multiplied by the same CF. Thus, even if the CF is not known, sim-
ilar I (0) values would result in similar molecular weights on absolute scale. Therefore, it can be
concluded that if the I (0) values are similar they would result in similar molecular weights. The
I (0) values are higher for the assembled vimentin which is plausible as the molecular weight
should increase for the assembled vimentin. Taking Equation 2.24, it can be observed that for
calculating the molecular weight from the I (0) values, the molecular weight depends on the
concentration c, the specific volume of the particle ν and the scattering contrast. The scattering
contrast should be the same for tetrameric and filamental vimentin. SAXS measurements are all
performed at the same concentration (1 mg/mL), thus it is the same for tetramers and filaments.
The particles specific volume only changes very little or not at all between the tetrameric and fil-
amental state. Thus, the molecular weight is nearly proportional to the I (0) values. On average
eight tetramers assemble laterally to form an ULF [7, 19]. This would indicate that the molec-
ular weight increases by roughly a factor of eight as well. Looking at the data, the ratio of the
filamental I (0) to the tetramer I (0) is not eight but slightly smaller (approx. 7). This could have
several reasons. One reason could be that the particles specific volume changes a bit during as-
sembly e.g by reduction of the volume because of compaction. Then the ratio between both I (0)
values should get smaller than eight. Another reason could be, that the tetrameric state already
includes octamers or 16-mers, which would increase the measured I (0) value. At a pH of 8.4,
the protein solution should only consist of tetramers, whereas at a pH of 7.5 eventually already
octamers could be present. During an experiment vimentin protein in 2 mM PB at a pH of 8.4
and 7.5 are measured (Fig. 4.8a).
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Figure 4.8: Comparison of vimentin tetramers in PB at pH 7.5 and 8.4. (a) Scattering profiles (b) I (0) values and (c)
Rc values of vimentin tetramers in PB at two different pH values. Only very small changes between the
measurements can be observed.
We can observe that the I (0) value is lower than the value retrieved from measurements at pH
7.5 (Fig.4.8b), whereas the Rc values are similar (Fig. 4.8c). The smaller values at higher pH indi-
cate that there is a small fraction of octamers or higher order structures at pH 7.5. A third plau-
sible reason for the difference in the I (0) values is the possible inhomogeneity of the filaments.
Variations in width and in the number of subunits within one filament have been reported [1,
20], especially if assembly is initiated with the kick-start method, where the filaments become
even more inhomogeneous than with slow assembly through dialysis [21]. For all experiments
shown, the kick-start method is used to initiate assembly, and thus a larger inhomogeneity in
the filaments is expected.
At the high buffer concentrations already in the tetrameric state larger structures are observed
with AFM and SAXS, indicating aggregates or assembled filaments already due to the higher
buffer concentration. This is also reflected in the Rc and I (0) values (Fig. 4.4). Both the radii of
gyration of the cross-section and the I (0) values are two to three times larger compared to vi-
mentin at low buffer concentration. Both, AFM and SAXS measurements, show that a higher
buffer concentration has an effect on the vimentin filament formation or aggregation. Regard-
ing the filamentous state of vimentin, the Rc values are slightly larger than those found in lit-
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erature. However, the I (0) values are similar for vimentin filaments in the high and low buffer
concentrations. Having similar I (0) values indicates that the filaments at low and high buffer
concentration have a similar molecular weight. The Rc values for vimentin in the high buffer
concentration are however slightly larger, which leads to the assumption that the number of
vimentin subunits per cross-section is similar for the low and high buffer concentration. How-
ever, the larger radii of gyration suggest a looser packing of the subunits or a less homogeneous
filament at the high buffer concentration.
In addition to AFM and SAXS experiments, Anna Schepers (unpublished data, University Göt-
tingen) used an optical trap to perform stretching experiments on vimentin C328A with 4 %
ATTO647N labeled vimentin. Vimentin C328A is assembled in 2 mM PB with 100 mM KCl. For
experiments, the filaments are bound covalently to the beads in the trap. A more detailed de-
scription on how stretching experiments using an optical trap with vimentin filaments is per-
formed are found in [6, 22]. In the experiments shown here, filaments are incubated 30 s in the
desired buffer and then stretched with a speed of 0.25µm/s. Filaments in 2 mM PB with 100 mM
KCl or 2 mM MOPS with 100 mM KCl are investigated. Additionally, filaments are incubated in
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Figure 4.9: Force strain curves for vimentin filaments. Vimentin filaments are assembled in 2 mM PB buffer and prior
to measurement incubated for 30 s in different buffers (TRIS, PB and MOPS). The force strain curves for
2 mM PB, 2 mM MOPS and 25 mM TRIS buffer are all very similar. Data and image courtesy by Anna
Schepers.
A full description on how to interpret vimentin force-strain curves is mentioned in [6, 22]. In
general, the curve can be divided in three regions. The initial slope, the plateau and the stiff-
ening region. Looking at the data, no difference in the force-strain curves of filaments in the
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buffers can be detected. For the three tested buffers, the initial slope is the same, the plateau
regions start at the same strain and the maximum force and strain are similar as well. Thus, it
can be concluded that all buffer conditions seem to have no effect, or the same effect on the
filament.
Taking together all results, it can be concluded that there is no difference between vimentin
filaments in the three tested buffers at low buffer concentration. For the high buffer concen-
tration, it seems that all buffers have an effect on vimentin protein, however this effect is less
pronounced for the filaments than for the tetrameric state. Therefore, high buffer concentra-
tions should not be used for vimentin experiments, especially when the tetrameric state is in-
vestigated. Furthermore, one should keep in mind that AFM and SAXS experiments are static
experiments and only the tetrameric state or the fully assembled vimentin is investigated. It
might be that the assembly process itself varies between the buffers. To investigate if the assem-
bly process is similar as well, time-resolved studies have to be performed. This could be done
using e.g SAXS combined with microfluidics. Time-resolved SAXS experiments are described in
Chapter 6. Those experiments could not be performed in the scope of this thesis, as they have
to be performed at a synchrotron.
Even if the literature states that neither PB nor TRIS is a Good buffer [3, 4], they are sufficient for
vimentin assembly and lead to no artifacts. Already Mücke et al. showed that there is no differ-
ence in the formation of filaments between assembly of vimentin in 22.5 mM TRIS with 50 mM
NaCl (pH 7.5) and PB with additional 100 mM KCl (pH 7.5) [8]. Here, we saw similar results and
could furthermore show, that also MOPS is a suitable buffer when investigating vimentin assem-
bly. All in all it can therefore be concluded, that MOPS as well as TRIS and PB can be used in low
concentrations to investigate vimentin.
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Chapter 5
The Influence of Ions on the Assembly of
Intermediate Filaments
5.1 The Role of Ions for Intermediate Filaments
Ions play an integral role in many processes within the cell. The cell itself contains various ions
such as K+ and Na+, which are present at concentrations around 150 mM [1]. Next to mono-
valent ions like K+ and Na+ there are also ions of higher valency in the cell, where the most
abundant multivalent ions are Ca2+, Mg2+, Zn2+ and Sp4+ (spermine) [1]. Various ions in the
cell and also in the cytoplasm will have an affect on cytoskeletal filaments as well. Even though
the assembly of IFs in cells is not only mediated by ions, they play a part in the assembly. In vitro,
the assembly of vimentin can be triggered by adding monovalent ions to the solution [2–4]. The
resulting IFs are polyelectrolytes with an overall negative net charge [1, 5]. Vimentin filaments
with a radius of 5 nm and 32 subunits, for example, exhibit a net charge of -19 e per monomer
at a pH of 7.5, which equals a line charge of -14 e/nm and a surface charge of -71 mC/m2 [5,
6]. The charge is not evenly distributed over the whole monomer, but exhibiting a positive net
charged head domain and a tail domain with a negative net charge. In Figure 5.1 the amino
acid sequence of a vimentin monomer is shown with the negatively (green) and positively (red)
charged amino acids highlighted.
When investigating the influence of ions on IFs, two different aspects can be examined. Firstly,
by adding ions of high valency to already formed filaments, the interaction of mature filaments
with the ions can be studied. Secondly, the influence of ions with different valencies on the
tetramer can be explored, by which the influence of the ions on the assembly is examined. The
influence of monovalent ions on the assembly of IFs has been widely studied but the interaction
of IFs with multivalent ions is not completely understood. Studies revealed that the addition of
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Figure 5.1: Scheme of a vimentin monomer and the corresponding amino acids sequence of vimentin. Positively
charged amino acids are highlighted in red and negatively charged amino acids in green. Above the
amino acid sequence, a schematic representation of the vimentin monomer is shown. The three parts
of the rod domain (colored in green, red and blue) are highlighted in the amino acid sequence, for a
better overview.
divalent ions to mature filaments caused network formation as well as bundling and aggrega-
tion [1, 7–9], Damman et al. showed that with increasing divalent ion concentration, freely fluc-
tuating filaments collapse to dense aggregated networks [4, 5]. Furthermore, it was shown that
for neurofilaments, no significant difference between the resulting networks formed by differ-
ent divalent ions (Ca2+, Mg2+, Zn2+) is observed [7]. The mentioned studies all investigated the
influence of multivalent ions on filaments. When examining the influence of ions on the assem-
bly, thus adding the ions to the tetramers, several studies have shown that there are differences
between IFs in the presence of different ions. It has been observed that desmin assembled with
Ca2+ has a larger diameter than filaments assembled with Na+ [10]. This has not only been re-
ported for desmin but also for vimentin using Mg2+ ions [2, 11, 12]. Stromer et al. concluded
that not only the ionic strength of the buffer is changed when different ions are added but also
the interaction of the ion with the filament changes. They showed that at similar ionic strength,
divalent ions like Mg2+ are a stronger promoter for desmin assembly than monovalent ions
[13]. Hofmann et al. showed that filaments assembled in the presence of Mg2+ are similar to
vimentin assembled with monovalent ions, however vimentin filaments assembled by Ca2+ are
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more inhomogeneous and thicker [10]. Wu et al. investigated the influence of Ca2+ and Zn2+
on the assembly of vimentin protein. They reported, that vimentin in the presence of Zn2+ ions
bundles at a lower ion concentration than when Ca2+ is added to vimentin proteins [14]. Bren-
nich et al. showed in SAXS experiments that vimentin assembled with MgCl2 leads to thicker
and less ordered structures compared to vimentin assembled with KCl [2]. Those findings al-
ready showed that adding different multivalent ions to tetrameric IFs does not lead to the same
filament diameter, but that every ion needs to be investigated individually.
It has already been shown that there is not only a difference in the assembled filament when
adding monovalent or divalent ions, but also between different divalent ions [10, 14]. Therefore,
we investigate the influence of different mono- and divalent ions, as well as the influence of a
trivalent ion and a tetravalent molecule on the assembly of vimentin protein in a systematic
way. The influence of Na+, K+, Mg2+, Ca2+, Co3+ and Sp4+ at various concentrations will be
tested. All tested salts have Cl− as the counter ion, except Sp4+. It has been reported that Cl−
does not have a dominant influence on the filaments if it is present with K+ or Mg2+ [15]. As
a buffer system 2 mM MOPS has been chosen, as MOPS does not interact with the ions under
investigation (see Chapter 4). To study the influence of the different ions, SAXS is used to probe
the lateral assembly of the protein, whereas fluorescence microscopy is used to investigate if
vimentin protein forms filaments or networks.
5.2 Vimentin Filaments Assembled in the Presence of Monova-
lent Ions
The influence of monovalent ions on the assembly of vimentin protein from tetramers to fil-
aments in the presence of KCl and NaCl is investigated. K+ and Na+ are chosen as they are
the most abundant monovalent ions in the cell [1]. SAXS experiments are performed with both
monovalent ions at eight different concentrations ranging from 10 mM to 150 mM. This range
is chosen, as both ions reach concentrations up to 150 mM in the cell [1]. The scattering profiles
for vimentin assembled in the presence of KCl and NaCl are shown in Fig. 5.2.
In Fig. 5.2a, the scattering profiles of vimentin assembled with KCl are shown, where the black
curve refers to the tetrameric state, before ions are added. The scattering profile for tetrameric
vimentin protein is measured for 24 h and therefore, the curve is less noisy than the other scat-
tering curves, which are only recorded for 4 h. Vimentin tetramers are measured for 24 h, as
this scattering profile is needed lateron for a model fit and should be as accurate as possible.
For increasing ion concentrations the scattering profiles shift to higher intensity values at low
q-values. This is an indication for an increase in the molecular weight, which correlates with an



























































Figure 5.2: Scattering profiles of vimentin assembled with monovalent ions at various ion concentrations. Ion con-
centrations ranged from 10 mM to 150 mM for (a) KCl and (b) NaCl. The black curve corresponds to
vimentin without ions added for assembly. The higher the ion concentration is, the higher the intensity is
at low q-values and the steeper the scattering profiles are.
increase of subunits in the filament. Furthermore, the curves steepen with higher KCl concentra-
tion. A very similar behavior is observed with vimentin protein assembled with NaCl (Fig. 5.2b).
For both ions, the Guinier analysis (Equation: 2.27) is performed. Additionally, the first and sec-
ond derivative are calculated to retrieve the steepness as well as the curvature; both indicators
for an increase in the filament radius. A larger negative steepness hints that the curve is steeper,
indicating that the radius is increased. An increase in the curvature is also an indication that
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the radius increases. The mean slope is calculated from the whole curve whereas the mean
curvature is calculated in the range from q = 0.2 - 0.5 nm−1. Results for Guinier analysis and the
derivatives are shown in Fig. 5.3.
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Figure 5.3: Guinier analysis of the scattering profiles for vimentin filaments assembled with monovalent ions. Anal-
ysis is performed and the (a) radius of gyration as well as the (b) I (0) values are retrieved. Both, the Rc
and I (0) values increase with increasing ion concentration. (c) Analysis of the first derivative of the whole
curve gives information about the mean steepness. With increasing ion concentration the steepness of
the curves for vimentin protein assembled with monovalent ions decreases. (d) With the second deriva-
tive the mean curvature can be calculated. For vimentin filaments assembled with monovalent ions the
curvature increases with increasing ion concentrations.
The values retrieved from the Guinier analysis are shown in Table 5.1. For concentrations, where
multiple measurements are performed, the arithmetic mean of the retrieved Rc and I (0) values
are calculated.
Analysis of the radius of gyration (Fig. 5.3a and Table 5.1) shows that Rc increases with increas-
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Table 5.1: Results of the Guinier analysis of vimentin assembled with KCl/NaCl at different concentrations. The cal-
culated Rc and I (0) values are listed.
Ion concentration (mM) Rc (nm) I (0) (a.u.)
10 3.60 / 3.09 0.018 / 0.014
20 4.26 / 4.14 0.026 / 0.024
30 5.61 / 5.74 0.035 / 0.036
40 5.77 / 5.78 0.041 / 0.040
50 5.29 / 5.25 0.043 / 0.045
80 5.78 / 5.89 0.055 / 0.050
100 5.83 / 5.92 0.059 / 0.054
150 6.18 /6.96 0.067 / 0.075
ing ion concentration, however the increase is very small from ion concentrations of 30 mM on.
No differences between the values retrieved for vimentin assembled in the presence of either
KCl or NaCl can be observed. The I (0) values increase with increasing ion concentration. Cal-
culating the first derivative of the scattering curve provides information about the steepness of
the scattering profile. With increasing ion concentration the values retrieved for the mean steep-
ness get more negative (Fig. 5.3c), which is already evident in the scattering profiles (Fig. 5.2).
For vimentin assembled with both monovalent ions, the same trend can be observed, and sim-
ilar values are calculated. Calculating the second derivative (curvature) the values extracted
get more positive for higher ion concentrations, indicating that the curvature of the scattering
curves increase at higher ion concentrations. Similar values are calculated for vimentin assem-
bled with NaCl and KCl. The mean steepness as well as the mean curvature show that with
increasing ion concentration the radius of the filament increases. These findings are in agree-
ment with the Guinier analysis.
The SAXS data is further analyzed by fitting a model for cylindrical micelles to the data (see Sec-
tion 3.3.4) [2, 16, 17]. From the analysis the radius of the cylindrical core, as well as the radius
of gyration of the side chains, in our case the tails of the monomers, can be retrieved. When
fitting the model to the data, the model introduced by Pedersen [16] is extended by a tetramer
term as already performed by Brennich et al. [2]. By including this term in the micelle model, it
is accounted for tetramers in the solution, which can contribute to the scattering signal. Thus,
next to the radius (R) and radius of gyration of the tails (Rg ), the amount of tetramers in the
solution can be retrieved. An example of a fit to the data is shown for vimentin assembled with
20 mM NaCl in Fig. 5.4.
In the used fitting range from q = 0.08 to q = 1, the three measured scattering profiles (three
different experiments) of vimentin assembled with 20 mM NaCl are very similar and no large
deviations are observed. Fitting the model to the data, the fit describes the data well in the
chosen range. All data fits are shown in the Appendix B. The radius R and the radius of gyra-




















Figure 5.4: Scattering profiles of vimentin assembled with 20 mM NaCl and the respective fit. Using the micelle
model introduced by Pedersen [16] and extended by a term to include tetramers in the system the data
can be fitted. The fit describes the data well.
tion of the tails Rg from vimentin filaments assembled with KCl and NaCl are shown in Fig. 5.5.
Whereas the earlier introduced Rc value is the radius of gyration of the filament with the tails,
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Figure 5.5: Analysis of vimentin assembled with KCl or NaCl at different concentrations using a model for micelles.
(a) The retrieved radii of the filaments get larger with increasing ion concentration. (b) The calculated
radii of gyration of the tails protruding from the filament increase with increasing ion concentrations.
Similar results are found for vimentin protein assembled with both monovalent ions.
For both monovalent ions the radius of the vimentin filament increases with increasing ion con-
centration and the values retrieved are similar for vimentin assembled in the presence of KCl or
NaCl. Whereas the radius of the filament is roughly 4 nm when assembled with 10 mM monova-
lent salt, it is around 6.5 nm when assembled in the presence of 150 mM KCl/NaCl. The radius
of gyration of the tails Rg has a similar value when vimentin is assembled with either NaCl or
KCl. Like the radius, the radius of gyration increases with increasing ion concentration. A larger
variance between the retrieved Rg values is observed at an ion concentration of 150 mM, where
Rg found for vimentin assembled with NaCl is larger than what is found when vimentin is as-
84 Chapter 5. The Influence of Ions on the Assembly of Intermediate Filaments
sembled in the presence of KCl. Indeed, it is not possible to retrieve the radius of gyration for
vimentin filaments assembled with 150 mM NaCl, as a value of 20 nm is set as a limit of the fit-
ting range. Regarding the fit for vimentin assembled with 150 mM NaCl describes the data well,
indicating that there might be more than one optimal solution to fit the data (see Appendix B).
The tetrameric contribution in both cases shows a decrease of the amount of tetramers in the





















Figure 5.6: Fraction of tetramers in the measured solution for vimentin protein assembled with monovalent ions.
For vimentin assembled with both monovalent ions the amount of tetramers in the system reduces with
increasing ion concentrations.
At low ion concentrations the amount of tetramers in the solution is lower for vimentin fila-
ments assembled with KCl than for vimentin filaments assembled with NaCl. For vimentin as-
sembled with 150 mM NaCl the amount of tetramers in the solution increases again, which is
surprising. However as the fit failed to retrieve the Rg value properly at this ion concentration,
it could mean that the fit parameters are not optimally chosen. Comparing the values from the
Guinier analysis with the model-based radii for the filaments (R), the values are very similar.
In addition to SAXS measurements, microscopy experiments are performed. As with SAXS only
the radius of vimentin filaments can be investigated, microscopy is performed to see if single
filaments, bundles or networks are formed. Fluorescence microscopy images of vimentin wt
mixed with vimentin C385A fluorescently labeled with ATTO647N and assembled with 100 mM
KCl or 100 mM NaCl are taken (Fig. 5.7).
In both cases filaments are formed when assembling vimentin protein with 100 mM KCl or NaCl.
Single filaments are present when assembling with both monovalent ions and the filaments are
comparable to the filaments in the AFM images shown in Chapter 4.
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(a) (b)100 mM NaCl 100 mM KCl
Figure 5.7: Fluoresence microscopy images of vimentin assembled with monovalent ions. Vimentin is assembled
with (a) 100 mM NaCl and (b) 100 mM KCl. In both cases, single filaments are formed.
5.3 Vimentin Filaments Assembled in the Presence of Divalent
Ions
Beside monovalent ions, the assembly of vimentin in the presence of divalent ions is investi-
gated as well. Mg2+ and Ca2+ are chosen, as those are the most abundant divalent ions in the
cell, next to Zn2+ [1, 18]. Different concentrations in the range from 0.5 mM to 10 mM are mea-
sured and the scattering profiles are shown in Fig. 5.8. The range is chosen according to what
was already measured by Brennich et al. for MgCl2 [2] and is expanded to higher ion concen-
trations to see if there is a threshold for precipitation (aggregation to very dense networks) of
vimentin filaments. For both ions the same concentrations are measured for better comparison.
The scattering profiles of vimentin filaments assembled in the presence of CaCl2, increase with
increasing ion concentration at low q-values and the data recorded at lower ion concentration
look similar in shape to the ones measured with monovalent ions. However, after a concentra-
tion of 4 mM on, the curves change drastically. The rather flat part of the curve at low q-values
vanishes and the curve follows a decrease. The change in the scattering profile indicates that
the protein changed its conformation. Already when filling the capillaries, several solutions pre-
cipitated immediately (4 mM, 5 mM, 10 mM CaCl2). This matches well to the observed changed
scattering profiles. Looking at the scattering profiles recorded for MgCl2, it can be observed
that only for 10 mM MgCl2 the scattering curve looks atypical for vimentin filaments. Again,
this capillary showed precipitation of vimentin. Already from these results it can be concluded
that both divalent ions interact differently with vimentin. For both ions, the Guinier analysis
and the derivatives are calculated and the results are shown in Fig. 5.9 and Table 5.2.



























































Figure 5.8: Scattering profiles of vimentin assembled with divalent ions at eight different concentrations. Ion concen-
trations ranged from 0.5 mM to 10 mM for both investigated ion species. The black curve corresponds to
vimentin without any ions added for assembly. (a) Scattering profiles of vimentin assembled with CaCl2.
For CaCl2 concentrations of 4 mM and higher, the scattering profiles change the shape. For those three
ion concentrations vimentin precipitated. (b) SAXS curves for vimentin assembled with MgCl2. At 10 mM
MgCl2 the vimentin curve looks different compared to the other measured concentrations. At this concen-
tration vimentin precipitated.
All data points where visual inspection of the capillaries indicated precipitation are marked with
green circles. Guinier analysis is no longer valid in precipitated samples, as for Guinier analysis,
the particles have to be dilute, which is not the case in an precipitated sample. Data of precipi-
tated vimentin is still analyzed for completeness, however will not be discussed any further.
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Figure 5.9: Guinier analysis of vimetnin filaments assembled with CaCl2 and MgCl2. (a) The radius of gyration is
calculated. With increasing ion concentration Rc is increasing. (b) I (0) values are retrieved from Guinier
analysis. For both ions, the I (0) values increase. (c) Analysis of the first derivative of the whole curve
provides information about the mean slope. Stronger negative values are retrieved for higher ion concen-
trations. However, the precipitated vimentin, assembled with 10 mM CaCl2, does not follow this trend.
(d) The mean curvature is calculated. Higher values for the curvature are retrieved for higher ion con-
centrations. An exception are the precipitated samples, where the curvature is low. Measurements where
precipitation is visible by eye in the capillary are marked with green circles.
The radius of gyration (Rc ) of vimentin filaments increase steadily with higher ion concentra-
tions of CaCl2 and MgCl2 (Fig. 5.9, Table 5.2). The Rc values seem, however, smaller for MgCl2
than for CaCl2. This is the case when comparing the values at each ion concentration individ-
ually. However, the threshold for precipitation is lower for CaCl2 than for MgCl2. The last ion
concentration where vimentin is not precipitated in presence of CaCl2 is 2.5 mM. At this concen-
tration, the radius of gyration of vimentin is roughly 10 nm. The last concentration measured
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Table 5.2: Results of the Guinier analysis of vimentin assembled with CaCl2/MgCl2 at different concentrations. The
calculated Rc and I (0) values are shown. Aggregated vimentin samples are marked with *
Ion concentration (mM) Rc (nm) I (0) (a.u.)
0.5 4.61 / 3.64 0.051 / 0.025
1.0 5.60 / 4.68 0.088 / 0.051
1.5 6.97 / 5.39 0.140 / 0.066
2.0 8.45 / 5.84 0.221 / 0.082
2.5 10.06 / 6.58 0.300 / 0.103
4.0 14.17* / 8.46 0.532* / 0.174
5.0 16.09* / 10.38 0.654* / 0.270
10.0 20.57* /17.90* 0.622* / 0.629*
with MgCl2 where vimentin is not precipitated is 5 mM. At this ion concentration vimentin fil-
aments exhibit a radius of gyration of 10.4 nm, which is similar to vimentin assembled with
2.5 mM CaCl2. Thus, the filaments exhibit a similar radius of gyration before precipitation (for-
mation of very dense networks) of the protein occurs. The retrieved I (0) values from Guinier
analysis show a similar behavior as the extracted Rc values (Fig. 5.9b, Table 5.2). The values in-
crease for higher ion concentrations. Comparing the I (0) values at the last ion concentration
where vimentin is not precipitated, the values extracted for vimentin assembled with CaCl2 are
slightly larger than for vimentin filaments assembled with MgCl2.
The calculated values of the mean steepness are more negative with increasing ion concentra-
tion for both CaCl2 and MgCl2, which indicates that the radius of the filament increases. The
analysis of the second derivative yields the mean curvature, which increases with increasing
ion concentration. This is again an indication that the radius increases. Comparing again the
last values before vimentin filaments start to precipitate, similar values for vimentin filaments
assembled with CaCl2 and MgCl2 are retrieved. The analysis of the mean steepness and mean
curvature is consistent with the observed increase of the Rc with increasing ion concentration.
Again, the micelle model is fit to the data measured with both divalent ions. The radius of the
filament R and the radius of gyration Rg of the tails is shown in Fig. 5.10.
For both ions it is evident that the radius of vimentin increases with increasing ion concentra-
tions. At the last ion concentration before vimentin precipitates (2.5 mM for CaCl2 and 5 mM
for MgCl2), the radius is close to 10 nm in both cases. A similar trend can be observed for the
radius of gyration of the tails, when vimentin filaments are assembled with CaCl2. The values
retrieved for Rg increase with increasing CaCl2 concentration. For vimentin assembled in the
presence of MgCl2 there is no clear trend. The Rg values only increase from 0.5 mM to 1.0 mM
and then decrease again up to a salt concentration of 2.5 mM MgCl2. Subsequently the Rg val-
ues increase again. At the last ion concentration before vimentin precipitates, the retrieved Rg
values are similar. It is unexpected that the Rg values do not seem to follow a certain trend. The
























Figure 5.10: Analysis of vimentin assembled with CaCl2 and MgCl2 using a micelle model. (a) The calculated radius
of the filament retrieved at the different concentrations is shown. Vimentin protein assembled with both
divalent ions shows an increase of the radius of the filament with increasing ion concentration. (b)
Calculated radius of gyration of the tails protruding from the filament. For vimentin protein assembled
with CaCl2 the radius of gyration increases with increasing ion concentration. For vimentin filaments
assembled with MgCl2 the radius of gyration first increases at low ion concentrations and decreases for
vimentin filaments assembled up to an ion concentration of 2.5 mM. After that, the radius of gyration
increases again. Data from precipitated vimentin is marked with green circles.
fraction of tetramers in the solution, is less than 40 % for both ions at a ion concentration of




















Figure 5.11: Fraction of tetramers in the measured solution for vimentin protein assembled with MgCl2 and CaCl2.
For both ions, the amount of tetramers in the system reduces with increasing ion concentration. For
vimentin assembled with MgCl2 the amount of tetramers in the solution is reduced to zero at an ion
concentration of 4 mM. For vimentin filaments assembled with CaCl2 the fraction of tetramers in the
system is reduced to zero at a CaCl2 concentration of 1 mM.
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In the case of CaCl2 the fraction of tetramers decreases to zero at an ion concentration of
1.0 mM. For vimentin samples assembled with MgCl2, the amount of tetramers in the solution
decreases with increasing ion concentration and reduces to zero at 4.0 mM MgCl2. At higher
ion concentrations differences between the data and the fit can be observed (see Appendix B.




















Figure 5.12: Scattering profiles of vimentin assembled by 4 mM MgCl2 and the respective fit. The micelle model in-
troduced by Pedersen et at.[16], extended with an additional term to include tetramers is used to fit the
data. The model describes the data at low q-values, however fails to describe the data at higher q-values.
The beginning of the curve is fitted well, however, at larger q-values the fit clearly shows a de-
fined minima followed by a maxima, which cannot be observed in the data. When looking at
the fits in the Appendix B it can be observed that the fits do not represent the data, from con-
centrations of 2 mM CaCl2 and 4 mM MgCl2 on. Comparing the retrieved Rc values from the
Guinier analysis with the radii of the filament from the model based analysis, similar values are
detected.
Additionally, fluorescence microscopy images of vimentin assembled with both divalent ions
are taken, to observe if single filaments or networks are present. As vimentin has different pre-
cipitation thresholds for the divalent ions, assembly is not performed at the same concentration.
Vimentin assembled with 2 mM CaCl2 and with 4 mM MgCl2 are imaged (Fig. 5.13).
A drastic contrast between the effect of monovalent ions and divalent ions is observed. Vi-
mentin assembled with divalent ions clearly shows network characteristics where vimentin fil-
aments are cross-linked. They are no longer present as single filaments over the whole field of
view, but cluster together. The networks seem larger in size for vimentin assembled with MgCl2
than with CaCl2.
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25 µm
(a) (b)4 mM MgCl2 2 mM CaCl2
Figure 5.13: Fluorescent microscopy images of vimentin assembled with divalent ions. (a) Vimentin is assembled
with 4 mM MgCl2. A large cluster of a vimentin network is observed (b) When assembling vimentin
with 2 mM CaCl2, vimentin filaments form networks as well.
5.4 Vimentin Filaments Assembled in the Presence of
Hexammine-cobalt(III) Chloride
With the trivalent salt hexammine-cobalt(III) chloride the assembly of vimentin is investigated
as well. Ion concentrations in a range from 0.01 mM to 0.5 mM are chosen for the SAXS experi-
ments (Fig. 5.14).
The scattering profiles for vimentin assembled with hexammine-cobalt(III) chloride show that
the curves for vimentin assembled with 0.2 mM and 0.5 mM have a similar behavior as the pre-
cipitated samples assembled at high CaCl2 and MgCl2 concentrations. For both hexammine-
cobalt(III) chloride concentrations the precipitation is confirmed by visual inspection. An in-
crease of the intensity at low q-values can be observed with increasing ion concentration. The
scattering curves for non-precipitated vimentin are steeper with increasing ion concentration.
The data is analyzed with the Guinier analysis and the derivatives are calculated. The results are
summarized in Fig. 5.15 and Table 5.3, where precipitated vimentin filaments are either marked
with a green circle in the Figure or a * in the Table. Data from precipitated vimentin is analyzed
but will not be discussed, as the Guinier approximation is not valid anymore.
The radius of gyration of vimentin increases with increasing ion concentrations (Fig. 5.15a, Ta-
ble 5.3). Values for the radius of gyration up to 10 nm are reached for non-precipitated vimentin.
The I (0) values retrieved from Guinier analysis show an increase with increasing ion concentra-
tions (Fig. 5.15b, Table 5.3).
Analyzing the mean steepness, the values are more negative with increasing ion concentration.





























Figure 5.14: Scattering profiles of vimentin assembled with the trivalent ion hexammine-cobalt(III) chloride in the
range of 0.01 mM to 0.5 mM. At a concentration of 0.2 mM the protein precipitated. In the scattering
curves this can be seen by a change in the overall shape. For non aggregated vimentin filaments, the
intensity at low q values increases with increasing ion concentration and the curves get steeper. In black
the scattering curve for vimentin without any additional ions for assembly is shown.
Table 5.3: Results of the Guinier analysis of vimentin assembled with hexammine-cobalt(III) chloride at different
concentrations. The calculated Rc and I (0) values are listed. Precipitated vimentin is marked with *.









This indicates that the radius of the vimentin filament increases with increasing ion concentra-
tion (Fig. 5.15c). Calculating the second derivative (curvature), an increase of the curvature is
observed for vimentin assembled with increasing ion concentrations for non-precipitated vi-
mentin filaments (Fig. 5.15d). This shows as well, that the radius of the filament increases with
increasing ion concentration. Thus, the results gained from calculating the derivatives are in
agreement with the Guinier analysis.
Applying the micelle model from Pedersen with the additional term to include tetramers to the
data, yields information about the radius R of the assembled filament and the radius of gyration
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Figure 5.15: Analysis of the scattering profiles of vimentin assembled with the trivalent ion hexammine-cobalt(III)
chloride. (a) From Guinier analysis, the Rc values are calculated. With increasing ion concentration
the radius increases. (b) The extracted I (0) values increase for increasing ion concentrations. (c) For
increasing ion concentrations, values of the mean steepness decrease for concentrations up to 0.2 mM.
(d) The curvature increases up to a concentration of 0.1 mM hexammine-cobalt(III) chloride. Data from
precipitated vimentin is marked with green circles.
of the tails Rg (Fig. 5.16).
An overall increase of the radius of the filaments can be observed with increasing ion concen-
tration. Data from the radius of gyration analysis follows the same overall increasing trend,
however vimentin filaments assembled at low ion concentrations (up to 0.05 mM hexammine-
cobalt(III) chloride), Rg do not show a steady increase. For the amount of tetramers in the so-
lution, first an increase from the first to the second ion concentration is observed, which is
unexpected. After this increase in tetrameric contribution, the amount of tetramers in the sam-
ple decreases with increasing ion concentration and reduces to zero at an ion concentration of























Figure 5.16: Analysis of vimentin assembled with hexammine-cobalt(III) chloride using the model. (a) Radius of
the vimentin filament at different salt concentrations. The retrieved radius of the vimentin filaments in-
crease with increasing ion concentration. (b) Calculated radii of gyration for the tails. An overall increase
of the radius of gyration of the tails is found with increasing ion concentration. Data from precipitated
vimentin is marked with green circles.



















Figure 5.17: Fraction of tetramers in the measured solution for vimentin protein assembled with hexammine-
cobalt(III) chloride. The amount of tetramers increases between ion concentrations of 0.01 to 0.02 mM.
After that, the amount of tetramers in the system decreases again until the filaments precipitate.
The amount of tetramers first increases and then decreases again. When comparing the values
retrieved from Guinier analysis and the model-based analysis, slightly smaller but still similar
values for the radius are found.
Again, fluorescence microscopy images are taken for vimentin assembled with 0.05 mM
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hexammine-cobalt(III) chloride (Fig. 5.18). Assembling vimentin filaments with the trivalent
ion under investigation, networks are formed like in the cases of divalent ions. Compared to
networks formed with divalent ions however, the assembled vimentin networks found with
hexammine-cobalt(III) chloride, are smaller in size.
25 µm
0.05 mM Hexammine-cobalt(III) chloride
Figure 5.18: Fluorescence microscopy image of vimentin assembled with 0.05 mM hexammine-cobalt(III) chloride.
As with the divalent ions, the filaments form networks, however the networks here seem smaller in size
than when vimentin is assembled in the presence of the divalent ions.
5.5 Vimentin Filaments Assembled in the Presence of Sper-
mine
Finally, the tetravalent molecule spermine is investigated. Spermine concentrations for assem-
bly of vimentin are chosen in a range between 0.01 mM to 0.1 mM and SAXS measurements are
performed (Fig. 5.19).
The scattering profiles for vimentin assembled in the presence of spermine with concentrations
up to 0.05 mM show an increase of the intensity at low q-values and the curves become steeper
with increasing ion concentrations. The last three measured concentrations (0.08 mM, 0.09 mM
and 0.1 mM) show an atypical scattering profile for vimentin filaments. In those measurements
it is already observed by eye that the protein precipitated in the capillaries. For vimentin assem-
bled with spermine, Guinier analysis is performed as well as the first and second derivative are
calculated and the results are shown in Fig 5.20 and Table 5.4.
From Guinier analysis, the radius of gyration of the cross-section as well as the I (0) values can
be retrieved. For non-precipitated vimentin a radius of gyration of roughly 2.5 nm is found for





























Figure 5.19: Scattering profiles of vimentin assembled with spermine. Spermine concentrations range from 0.01 mM
to 0.1 mM. Intensity values at low q increases, and the curves get steeper with increasing ion concentra-
tion up to 0.05 mM spermine. For 0.08 mM to 0.1 mM vimentin precipitated, which can be seen in the
change of the scattering curves. In black the scattering profile of vimentin without any additional ions
is shown.
Table 5.4: Results of the Guinier analysis of vimentin assembled with the tetravalent spermine at different concentra-
tions. The calculated Rc and I (0) values are shown. Aggregated protein is marked with *.









vimentin filaments assembled by 0.01 mM and 0.02 mM spermine. At spermine concentrations
of 0.04 mM and 0.05 mM, a radius of roughly 8-9 nm is extracted for the vimentin filaments. A
similar behavior is seen in the I (0) values (Fig. 5.20b, Table 5.4). In Fig. 5.20c, the extracted steep-
ness is plotted. The steepness decreases for vimentin filaments assembled with increasing ion
concentrations, indicating that the radius of the filament increases. Again, it can be observed
that for 0.01 mM and 0.02 mM similar values are retrieved. The same trend can be observed for
0.04 mM and 0.05 mM spermine. Calculation of the the second derivative, shows that the cur-
vature increases for increasing ion concentrations for the non-precipitated vimentin samples.
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Figure 5.20: Analysis of the scattering profiles of vimentin assembled with spermine. (a) The Rc values are calculated
using Guinier analysis. With increasing ion concentration the radius increases as well. (b) The I (0) val-
ues extracted increase when increasing the spermine concentration. When assembling vimentin with
0.1 mM spermine, the I (0) values are slightly smaller again. (c) For increasing ion concentrations the
values calculated for the mean steepness get more negative for concentrations up to 0.08 mM. For a
concentration of 0.09 mM and 0.1 mM spermine the values are less negative. (d) For the curvature the
values retrieved increase up to a concentration of 0.05 mM. After that the values get smaller again. Data
from precipitated vimentin is marked with green circles.
This again shows, that with increasing ion concentration the radius of the assembled filament
is increasing, which is again in agreement with the Guinier analysis.
Assembling vimentin with spermine and applying the model introduced by Pedersen with the
additional term for tetramers, an increase of the filament radius is observed, however, the trend
is not as pronounced as for the other salts (Fig. 5.21).
Vimentin assembled at the two lowest spermine concentrations show similar filament radii. At
a spermine concentration of 0.03 mM, the radius is smaller than for the lower spermine concen-























Figure 5.21: Analysis of vimentin assembled with the tetravalent molecule spermine using the model described by
Pedersen. An additional term to allow tetramers in the system is added. (a) Retrieved radius of the vi-
mentin filament at different salt concentrations show an overall increase with increasing ion concentra-
tion. Only the calculated radius at an ion concentration of 0.03 mM is lower. (b) The calculated radius
of gyration of the tails of vimentin at different concentrations. An overall increase of the radius of gyra-
tion of the filaments with increasing ion concentrations is observed. Data from precipitated vimentin is
marked with green circles.
trations, which is unexpected. Going to higher spermine concentrations, similar values for the
filament radius are retrieved at concentrations of 0.04 mM and 0.05 mM. The radius of gyration
Rg of the tails increase with increasing ion concentration showing a linear trend. However, the
Rg retrieved at 0.04 mM spermine has a large value compared to the other data. The amount of
tetramers does not follow a decreasing trend as seen with mono- and divalent ions (Fig. 5.22).
For the lowest two concentrations the amount of tetramers is roughly 80 %. When vimentin is
assembled in the presence of 0.03 mM spermine, the amount of tetramers is zero. It increases
again to roughly 50 % when vimentin is assembled with 0.04 mM spermine. It decreases again
to roughly 20 % for assembled vimentin in the presence of 0.05 mM spermine. Comparing the
values of the filament radius retrieved from the model with the values gained by Guinier analy-
sis, the values are slightly different but still in the same range.
Fluorescence microscopy experiments are performed for vimentin assembled with 0.03 mM
spermine and an image is shown in Fig. 5.23.
When assembling vimentin with spermine, networks can be observed. The overall network size
in the image is roughly 10µm in diameter. Comparing it to the trivalent ion it has a similar
network size but both network sizes are smaller than what is observed with divalent ions.



















Figure 5.22: The calculated fraction of tetramers in the measured solution for vimentin protein assembled with the
tetravalent molecule spermine. The amount of tetramers in the system at the two lowest ion concentra-
tions is very similar. For 0.03 mM spermine the amount of tetramers in the solution reduces to zero. An
amount of roughly 50 % tetramers in the solution is found at an spermine concentration of 0.04 mM.
Data from precipitated vimentin is marked with green circles.
25 µm
0.03 mM Spermine
Figure 5.23: Microscopy image of vimentin assembled with 0.03 mM spermine. Like with all ions of higher valeny,
vimentin forms networks when assembled with spermine. The size of the network is smaller than what
is observed with divalent ions.
5.6 Summary and Discussion
The influence of different ions with varying valencies and concentrations on the assembly of
vimentin is investigated by SAXS and fluorescence microscopy measurements. From the SAXS
data, the Guinier region (Rc and I (0) values), as well as the mean steepness and the mean cur-
vature are analyzed. From all three methods of analysis information about the radius of the
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filament can be retrieved. Whereas the Guinier region yields the radius of gyration of the cross-
section, both the steepness and the curvature are indicators of a radius change. Especially in
the case of the steepness, similar values between different measurements correspond to similar
radii. Furthermore, the I (0) values can be extracted from the Guinier analysis. An increase in
the I (0) values indicates that the molecular weight of the protein increases, which means the
number of subunits per cross-section in the filament increases. The three mentioned methods
to analyze the data are so-called model-free methods. In addition to the model-free data anal-
ysis, a model is applied to fit the data. The model was first introduced by Pedersen [16] and
extended by an additional term to include a tetrameric contribution of vimentin protein in the
solution as described by Brennich et al. [2]. From the model, the filament radius, the radius of
gyration of the tails, as well as the fraction of tetramers in the solution can be calculated.
When vimentin is assembled in the presence of the monovalent salts, NaCl and KCl, no signif-
icant difference between the values retrieved for the radius can be observed with the model-
free or model-based analysis. With increasing ion concentration, the radius of the filament in-
creases. From Guinier analysis it can furthermore be observed that the number of subunits per
cross-section increases with increasing ion concentration (indicated by the increase of the I (0)
value; Fig. 5.3b). The radius of gyrations of the tails increase as well with increasing ion concen-
trations. Brennich et al. performed a similar experiment with vimentin protein assembled at
five different concentrations of KCl and fitting the data to the same model described here [2].
Comparing the radii Brennich et al. calculated with the radii retrieved here, similar values are
observed. For the radii of gyration (Rg ) of the tails, Brennich et al. found a decrease of the val-
ues for KCl concentrations above 50 mM, which could not be observed in our analysis. A reason
for the difference could be that Brennich et al. modeled the radius of the filament as a Gaus-
sian distribution. As expected in both cases, the fraction of tetramers reduces with increasing
ion concentrations, as with higher ion concentrations more vimentin should be assembled. In
addition to the SAXS experiments, fluorescence microscopy experiments are performed and vi-
mentin filaments in the presence of 100 mM KCl/NaCl are investigated and single filaments are
observed, which is in agreement with the literature [3, 19, 20].
When using the divalent ions Ca2+ and Mg2+ to assemble vimentin tetramers into filaments in
a range of 0.5 mM to 10 mM ion concentration, precipitation of vimentin filaments can be ob-
served over a threshold ion concentration. The precipitation threshold for vimentin assembled
with CaCl2 (2.0 mM-2.5 mM) is lower than the threshold in presence of MgCl2 (4 mM-5 mM).
This already indicates that there is a difference between vimentin assembled with different diva-
lent ions. Again, in the model-free and model-based analysis it can be observed that the radius
of the filament increases with increasing ion concentrations. The number of subunits per cross-
section (retrieved from the I (0) values from the Guinier analysis) increases with increasing ion
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concentration. Comparing vimentin at the highest ion concentration before precipitation of
the protein, the retrieved radii, the number of subunits as well as the amount of tetramers in
the solution is similar. Brennich et al. performed static SAXS experiments not only on vimentin
assembled with KCl but also using MgCl2 [2]. When comparing the values of the radii, the val-
ues from Brennich et al. are in agreement with our results. The calculated radius of gyration of
the tails (Rg ) show an increase for vimentin assembled with increasing CaCl2 concentrations.
Notably, for assembly with MgCl2 the values for ion concentrations of 1.0 mM and 1.5 mM are
higher than for 2.0 mM. This trend is not observed in the data published by Brennich et al. [2].
A reason for the different observations could again be the difference in modeling the radius of
the filament differently.
In the microscopy images, no single filaments but vimentin networks can be observed when
vimentin protein is assembled with 2 mM CaCl2 or 4 mM MgCl2 (Fig. 5.13). As MgCl2 as well
as CaCl2 can cross-link filaments, vimentin filaments collapse to networks when the ion con-
centration exceeds a certain threshold [2, 14]. From microscopy images the network size for
vimentin assembled with MgCl2 is larger than for filaments assembled with CaCl2. However,
the networks found when assembling with CaCl2 are fewer, indicating that there might be a
larger network, which was not observed during the experiments. Another reason could be that
the network itself is more densely packed than the vimentin network assembled with MgCl2.
Comparing the found results with the literature, similarities as well as differences are observed.
Hofmann et al. performed viscosity and microscopy measurements of vimentin assembled with
NaCl, KCl, MgCl2 and CaCl2, where they found no differences between vimentin assembled with
160 mM NaCl or KCl and vimentin assembled with 5 mM MgCl2. In our case, assembly with
5 mM MgCl2 leads to gelation (densely packed and insoluble filament/networks) [21, 22]. In ad-
dition, Hofmann et al. found filaments, assembled with CaCl2 at concentrations of 1 mM and
2 mM, which are indistinguishable to filaments assembled with NaCl. However, filaments were
inhomogeneous with diameters up to 20 nm, when vimentin is assembled with 5 mM CaCl2. In
our case, a network-like structure for vimentin assembled in the presence of 2 mM CaCl2 and
a filament diameter of roughly 20 nm is found. At higher ion concentrations, the vimentin sam-
ples could not be investigated by microscopy as gelation of vimentin filaments occurred. Thus,
similar results but at different concentrations could be observed comparing the results from
Hofmann et al. with our findings. This is likely caused by the bovine instead of human origin of
the vimentin protein used in Hofmann’s study. Furthermore, the bovine vimentin used by Hof-
mann et al. was not purified from E. coli but extracted from bovine lens tissue. Studies showed
that vimentin purified from E. coli is more efficient than vimentin extracted from tissue [10]. In
a different study, Herrmann et al. assembled vimentin proteins in the presence of 2.5 mM MgCl2
and found filaments of varying diameter [12]. Mass-per-length measurements revealed that fil-
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aments assembled with 2.5 mM MgCl2 have two to three times more subunits per cross-section
than a filament assembled with monovalent ions. In our data, the I (0) value, for vimentin as-
sembled with 100 mM KCl is 0.054, whereas for vimentin assembled with 2.5 mM MgCl2, I (0) =
0.103. The I (0) value retrieved for vimentin assembled with MgCl2 is nearly twice as large, which
implies that there are on average approximately twice as many subunits in vimentin filaments
assembled with MgCl2 compared to filaments assembled in the presence of KCl.
When assembling vimentin with the trivalent salt hexammine-cobalt(III) chloride, the filaments
start to precipitate between an ion concentration of 0.1 mM and 0.2 mM. This is roughly a
magnitude lower than what is found with the divalent ions CaCl2 and MgCl2. At an ion con-
centration lower than 0.2 mM, the radius of the vimentin filaments, as well as the number of
subunits increases with increasing ion concentration. When applying the micelle model to the
vimentin data, an overall increase of the filament radius with increasing ion concentration is
observed (Fig. 5.16). For the radius of gyration of the tails Rg an increase can be observed, how-
ever at the lowest three concentrations (0.01 mM, 0.02 mM and 0.03 mM) the values retrieved
have no increasing trend with increasing ion concentration (Fig. 5.16). This is also observed in
the filament radius. Looking at the scattering profiles of vimentin assembled with 0.01 mM or
0.02 mM hexammine-cobalt(III) chloride, the scattering profiles are very similar, thus the values
retrieved are expected to be similar as well. However, comparison of the fraction of tetramers
in the solution, a higher amount is found for vimentin assembled with 0.02 mM hexammine-
cobalt(III) chloride. This indicates that there is more than one optimal solution to fit the data or
the model might not be optimal to fit the data at high concentrations of multivalent ions which
will be discussed later in the section. In the fluorescence microscopy image, vimentin networks
can be observed, meaning that also trivalent ions have the potential to cross-link filaments. The
resulting networks are smaller and and also fewer than vimentin networks assembled with diva-
lent ions. As mentioned before, a reason could be that there is a very large network which was
not observed with the microscope or the network is more dense.
Lastly, the influence of the tetravalent spermine is investigated. Again all radii (Guinier analysis
and model-bases analysis) as well as the I (0) values increase with increasing spermine con-
centration (Fig. 5.20 and Fig. 5.21). The highest measured spermine concentration at which vi-
mentin did not precipitate is 0.05 mM. At this concentration, vimentin has a radius of roughly
8 nm. Regarding the results from the model fits, again, an overall increase of the radius, as well as
the radius of gyration of the tails with increasing ion concentration can be observed. The radius
of the filament found from the model fit for vimentin filaments assembled in the presence of
0.03 mM spermine is smaller than at lower ion concentrations, which is unexpected, however,
the micelle model further yields a tetrameric concentration of zero, which is also remarkable.
The fit to the data looks good, indicating that there might be more than one optimal solution,
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or the model fails to describe the data properly as discussed later. Microscopy images show that
networks are formed when vimentin is assembled in the presence the tetravalent molecule sper-
mine. The networks are, again, fewer and smaller compared to vimentin filaments assembled
with divalent ions and similar in size observed for vimentin filaments assembled in the pres-
ence of the trivalent ion hexammine-cobalt(III) chloride.
As mentioned above, the micelle model with the additional term to include tetramers in the
solution fails to describe the vimentin filaments accurately at high concentrations of multiva-
lent ions. The model used to fit the data is based on a cylinder and, furthermore, the model
assumes that there are 32 tails protruding from the filament core, which corresponds to 32 sub-
units per cross-section within the filament. When looking at the values retrieved from Guinier
analysis it is evident that the number of subunits per cross-section is larger for vimentin fila-
ments assembled at higher concentrations. Values corresponding to three to four times more
subunits per cross-section are found for multivalent ions compared to vimentin assembled at
100 mM KCl/NaCl (32 subunits per cross-section [5]). Calculation of the number of subunits
per cross-section using the I (0) values shows that at 2 mM CaCl2 vimentin has roughly 4 times
more subunits than in the presence of 100 mM KCl. The number of subunits per cross-section







































Figure 5.24: Model fit to vimentin assembled in the presence of 2 mM CaCl2. (a) Model fit when 32 subunits per
cross-section are assumed. (b) Model fit when the number of subunits is adjusted to 128. The value is
calculated based on the I (0) values retrieved from the Guinier analysis.
It can be observed that the quality of the fit clearly improves and represents the data better.
Thus, it is necessary to adapt the number of tails for the fit. The number of subunits per cross-
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section and thereby the number of tails can be based on the I (0) values from Guinier analysis.
The fit is better however, not optimal, suggesting that maybe the model itself is no longer opti-
mal to describe the data perfectly.
Taking together all results several observations can be made. In contrast to monovalent ions,
multivalent ions have the potential to cross-link filaments so that networks are formed. This
phenomenon can be explained by Manning’s theory of counterion condensation. In the theory,
a infinitely thin rod with an homogeneous line charge is assumed, where counterion condensa-
tion takes place if:
ζ= lB /lcharge > 1, (5.1)
with lB as the Bjerrum-length (the distance where kB T is equal to two elementary charges)
and lcharge the distance between the charges on the polyelectrolytes [23–25]. Vimentin fila-
ments have a negative net charge and, the filaments therefore would repel each other. How-
ever, cations have the possibility to condensate on the filament itself and form a layer screening
the filament and induce attraction between filaments, if Equation 5.1 is fulfilled. If a thresh-
old is exceeded, the attractive forces are larger than the repulsive forces and filament networks
are formed. The higher the valency of the ion is, the stronger the coupling between filaments
is. Thus, the networks formed with tri- and tetravalent ions are likely to be more compact
and consequently, appear smaller in the microscopy images. Furthermore, after reaching a cer-
tain ion concentration vimentin filaments start to precipitate. The range between the last non-
precipitated and the first precipitated vimentin sample is shown in Fig. 5.25.
With increasing valency of the ion the threshold for precipitation decreases. The decrease is
roughly by one order of magnitude as suggested by Dammann in his PhD thesis, where he
added either MgCl2 or hexammine-cobalt(III) chloride to already formed vimentin filaments
[26]. Only vimentin filaments assembled in the presence of spermine do not show this decrease
by one order of magnitude. A reason could be that spermine is a molecule and not an ion. Simi-
lar effects as with ions can be observed, however the data seems to follow a different principle.
In Fig. 5.25 it is obvious, that vimentin filaments assembled with Ca2+ and Mg2+ do not have
the same threshold for precipitation, even though they have the same valency. In literature, dif-
ferent threshold of aggregation were found for vimentin protein that was first assembled by
monovalent ions and cross-linked with divalent ions subsequently [1, 14]. It was suggested
that the efficiency of the ions increases with increasing atomic number, meaning a lower ion
concentration is needed to fulfill the same reaction [1]. The same effect is observed for the vi-
mentin filaments assembled with Ca2+ and Mg2+ in our study. To explain this phenomenon the
Hofmeister effect can be applied, which describes salt-protein interactions [27–29]. Until today,























Figure 5.25: The precipitation threshold observed for vimentin assembled by different ions against the valency of
the ions. With increasing valency of the ion, the threshold concentration at which vimentin filaments
precipitate decreases.
the observed effects cannot be explained by electrostatic theories and the reason why the ions
react differently is not known [14, 28]. The Hofmeister series is a sequence of ions (anions and
cations) which orders the ions according to the concentration needed to achieve the same reac-
tion. For cations the following order could be empirically retrieved [28, 30]:
(CH3)4N
+ > Rb+ > K+ > Na+ > Li+ > Mg2+ > Ca2+ (5.2)
The ions on the right side of the sequence are more chaotropic, meaning they introduce more
disorder in the system. A lower concentration is necessary for the same reaction as with ions
on the left side of the series. No large differences between vimentin assembled with Na+ or K+
ions is observed in the experiments shown, however, fluorescence microscopy experiments at
150 mM NaCl showed slight gelation of vimentin, while vimentin assembled with KCl was still
soluble. However, the observed effect is not very pronounced. A stronger effect could be ob-
served between the divalent ions investigated in this study (Mg2+ and Ca2+). The lower thresh-
old for precipitation and the stronger effect on the assembly of vimentin at the same ion con-
centration agrees well with the Hofmeister series.
To investigate if the threshold for precipitation can be correlated to the ionic strength, the ionic
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In the equation, ci refers to the concentration of the ion and Zi to the charge. The radius of the
vimentin filament (in the example shown here, the radius of gyration of the cross-section from













































Figure 5.26: Radius of gyration of the cross-section calculated from the Guinier region in dependence of the ionic
strength. (a) The radius of gyration of the cross-section for vimentin assembled by the different ions. For
monovalent ions, a saturation after an ionic strength of 30 mM can be observed. Rc of vimentin assem-
bled with ions of a higher valency increases until filaments start to precipitate. Precipitated protein is
marked by a green circle. (b) Enlargement of (a) until an ionic strength of 30 mM. The increase in the
radius seems linear, a linear fit (y = mx + n) is performed and the calculated slopes are displayed.
There is no threshold of the ionic strength at which vimentin starts to precipitate. This is in
agreement with Stromer et al., who proposed that not only the ionic strength is changed with dif-
ferent ions added to the buffer but also the interaction of the ion with the protein changes [13].
The radius of vimentin filaments assembled by monovalent ions reaches a plateau over an ionic
strength of roughly 30 mM. For vimentin filaments assembled by ions of higher valencies no
such plateau is observed, as filaments started to precipitate. The radii of the filaments for vi-
mentin protein before precipitation show a linear increase with respect to the ionic strength
and the data is fit with y = mx +n (Fig. 5.26b). Data for vimentin assembled in the presence
of monovalent ions which are not in the plateau region (up to an ionic strength of 30 mM)
are included. It can be observed that the linear fit describes the data well. One exception is
vimentin assembled in the presence of spermine which differs from the linear fit. From all fits,
the slope is retrieved and it can be observed that vimentin filaments assembled by both mono-
valent ions have similar slopes. In contrast, the slopes at the two divalent ions differ. The slope
for vimentin assembled in the presence of MgCl2 is roughly 0.5 nm/mM whereas the slope ex-
tracted for CaCl2 is around 0.9 nm/mM. For vimentin assembled with Co3+ ions the slope is
around 2 nm/mM. Thus, it can be observed that the slopes follow the order K = Na < Mg2+ <
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Ca2+ < Co3+. First of all, this shows that for increasing valency of the ion, the slope increases.
Furthermore, the order found in the slopes matches the Hofmeister series. Vimentin protein
assembled with Co3+ has a larger slope than vimentin protein assembled in the presence of
Ca2+ thus, the Hofmeister series could be extend by Co3+. Note that the fits do not intersect the
Rc axis at the same position as expected, as at an ionic strength of zero, the radius of vimentin
filaments should be the same in all measurements. A reason is that a minimal ion concentra-
tion is needed to initiate vimentin assembly. Below this concentration no effects on the radius
of the protein will be observed. Thus, the linear fits cannot be extrapolated linearly to an ionic
strength of zero. In addition to the slopes, it can be observed that there might be an upper limit
of the filament radius before vimentin starts to precipitate. For all ions, filaments of up to 10 nm
radius can be observed. Above that, vimentin precipitates regardless of the ion used for assem-
bly. It seems that after a certain filament diameter (roughly 10 nm), the protein collapses and
bundles or aggregates to very dense networks (precipitation). Plotting the I (0) values against
the radius of the filament (exemplary the radius of gyration of the cross-section from Guinier
analysis is taken), it can be observed that there is no linear relation between the radius of the
filament and the I (0) values which are related to the number of subunits per cross-section in


















Figure 5.27: I (0) values against the radius of gyration from Guinier analysis. Plotting the I (0) values against the
radius of gyration of the cross-section it can be observed that with increasing radius the I (0) values
increase as well.
This indicates that with increasing radius more subunits per cross-section are incorporated in
the filament. It seems that at smaller radii, the number of subunits is similar regardless of the
ion used for assembly. Again, the data taken for vimentin filaments assembled in the presence
of spermine does not fit into the general trend observed. Looking at the number of subunits
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per cross-section in the filaments with a radius of 10 nm, it can be observed that the values
are much higher than what is found for vimentin filaments assembled with 100 mM KCl/NaCl.
More than 150 subunits are found when vimentin filaments are assembled in the presence of
Mg2+, Ca2+ or Co3+ (based on the assumption that 32 subunits are present when vimentin is
assembled with 100 mM monovalent ions).
All in all, ions of different valencies strongly affect the assembly of vimentin intermediate fila-
ments. In the presence of monovalent ions single filaments are formed with a radius of roughly
6 nm which are not cross-linked or precipitated. In contrast, all multivalent ions investigated
have the ability to cross-link filaments. Different thresholds for precipitation (aggregation to
very dense networks) of vimentin filaments are found. The higher the valency of the salt is, the
lower the threshold for precipitation is. The difference between the divalent ions can be de-
scribed by the Hofmeister effect. Furthermore, it seems that the filament reaches a radius of
roughly 10 nm before the protein starts to precipitate.
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Chapter 6
Cyclic olefin copolymer as an X-ray
compatible material for microfluidic
devices
The results presented in this chapter are published as an article in Lab on a Chip. Reproduced
from Ref. Cyclic olefin copolymer as an X-ray compatible material for microfluidic devices,
M. Denz and G. Brehm et al., Lab Chip, 18, 171-178 (2018). DOI: 10.1039/C7LC00824D with
permission from The Royal Society of Chemistry.
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6.1 Abstract
The combination of microfluidics and X-ray methods attracts a lot of attention from researchers
as it brings together the high controllability of microfluidic sample environments and the small
length scales probed by X-rays. In particular, the fields of biophysics and biology have benefited
enormously from such approaches. We introduce a straightforward fabrication method for X-
ray compatible microfluidic devices made solely from cyclic olefin copolymers. We benchmark
the performance of the devices against other devices including more commonly used Kapton
windows and obtain data of equal quality using small angle X-ray scattering. An advantage of
the devices presented here is that no gluing between interfaces is necessary, rendering the pro-
duction very reliable. As a biophysical application, we investigate the early time points of the
assembly of vimentin intermediate filament proteins into higher-order structures. This weakly
scattering protein system leads to high quality data in the new devices, thus opening up the way
for numerous future applications.
6.2 Introduction
Many important biological processes take place on nanometer and micrometer length scales,
and microfluidics has emerged as an extremely successful field for studying such processes.
For microscopy applications, microfluidics is nowadays very mature and established, especially
when employing polydimethylsiloxane (PDMS) and glass as the main materials [1]. However,
many processes on the molecular scale cannot be probed by light microscopy and therefore,
more recently, several groups have started to combine microfluidics with small angle X-ray scat-
tering (SAXS), which is sensitive to length scales of about 10 to 100 nm [2, 3]. To name a few ex-
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amples, researchers have investigated protein [4–13] and RNA [14–18] folding, DNA compaction
[19, 20], and self-assembly of filaments and fibrils [21–24]. These examples clearly demonstrate
the benefits of combining the high spatial resolution in X-ray techniques with the precise, con-
trollable sample environment inside microfluidic devices, such as concentration gradients, spe-
cific flow fields, or diffusive mixing in laminar flow. As a result, time resolved investigations of
reactions and mechanisms, which cannot be captured by light microscopy, due to the relevant
length scales of the system, can be performed.
The success of these applications is further highlighted by recent and planned developments
concerning synchrotron light sources. Highly focused and brilliant beams are well compatible
with small channel dimensions and time-resolved measurements. However, as recently pointed
out by Ghazal et al. [2], there is still a need for versatile, reproducible X-ray compatible microflu-
idic devices, which may be fabricated and used by a large community of scientists beyond the
immediate group of specialists. The most important requirements for the employed materials
are moldability, X-ray resistance, transparency to X-rays and a low background scattering signal.
To achieve these characteristics, many design approaches have utilized combinations of differ-
ent materials, including etched silicon with PDMS windows [14–18], PDMS and quartz glass
capillaries [23, 25], PDMS and Kapton film [26, 27], stainless steel and Kapton film [13, 20, 22,
26, 28], optical adhesive [21, 23] and optical adhesive with Kapton film and silicon rich nitride
windows [29]. Fabrication of these devices typically involves advanced engineering skills.
In X-ray crystallography, another commonly used material class are cyclic olefin copolymers
(COCs). Steigert et al. introduced fabrications methods for COC devices [30] which were used
for miniaturized and highly parallelized protein crystallization under well defined conditions
[31]. Similar approaches, including screening of crystal growth and data collection inside the
device, have been reported in the following years [32–35]. These devices used a combination of
COC and PDMS to allow for the inclusion of microfluidic valves and used silanes to bond the
layers. A SAXS study in a commercial all-COC device was performed on liquid crystals, which
typically scatter considerably stronger than proteins [36]. Silane based binding was found to be
insufficient between two COC layers [37] and thus, instead, a thin layer of COC was plasticized
by solvent before bonding to the second layer [37, 38]. Alternatively, thermal sealing of layers
with different glass transition temperatures TG was reported [30, 39]. Importantly, when using
heat and pressure for sealing, the thickness of the finished device depends on the applied tem-
perature and pressure due to changes in viscosity of the COC with temperature [37].
COCs are well suited for X-ray applications due to the low photon absorption at relevant pho-
ton energies between 2 and 20 keV, as compared to PDMS and SiO2 [33]. Furthermore, COCs
are optically transparent and provide resistance against many solvents [40].
Here, we adapt COCs for SAXS measurements on weakly scattering protein and present the
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reproducible fabrication and thorough characterization of an easy-to-manufacture, leak-tight,
low scattering and customizable microfluidic device. As the device is made solely out of one
type of COC, with similar glass transition temperature it displays no interfaces whatsoever and
we circumvent additional plasticization steps. The manufacturing process is based on standard
soft lithography and well established molding techniques, combined with hot embossing. Lat-
eral channel structures can flexibly be adapted, due to the lithographic approach. We charac-
terize the devices using gold nanoparticles and, thereafter, demonstrate the utility by recording
protein SAXS data.
6.3 Materials and Methods
6.3.1 Device Fabrication and Usage
Channel structures were produced using standard soft lithography methods [1, 41]. Briefly, SU-
8 2150 negative photo resist (MicroChem, Newton, USA) was spin-coated onto a 2-inch silicon
wafer (Si-wafer; MicroChemicals, Ulm, Germany) to a final height of 160µm. Edge bead removal
was performed before the soft bake step to achieve an ideal contact between the photo mask
(Selba S.A., Versoix, Switzerland) and the substrate. The resist was exposed to UV light (365 nm)
using a mask-aligner (MJB4 Mask-Aligner, Süss MicroTec AG, Garching, Germany) through the
mask and the structure was developed after a post exposure step (see Fig. 6.1a). Next, we pro-
duced a PDMS (Dow Corning, Midland, USA) copy of the channel structure (see Fig. 6.1b).
The PDMS copy was then used as a stamp to obtain a copy of our channel structure made from
UV-curable adhesive (NOA 81, Norland Optical Adhesives, Cranbury, NJ, USA) on a glass slide
as support (see Fig. 6.1c). The PDMS was pushed into the UV-curable adhesive, which was then
cured under a UV-Lamp (366 nm, NU-8 KL. Benda, Wiesloch, Germany) for 3 minutes. Subse-
quently, the PDMS stamp may be easily removed from the glass slide, leaving behind a channel
structure in UV-curable adhesive. Excess adhesive was cut away with a scalpel. Afterwards, the
structure was exposed to UV light for additional 3 minutes. Note that the obtained UV-curable
adhesive stamp on the glass slide can be reused. A 240 µm thick layer of COC (msc foil 029, Mi-
crofluidic ChipShop GmbH, Jena, Germany), with a glass transition temperature TG of 78 ◦C,
was placed on top of the channel structure on the glass slide. The ensemble was sandwiched be-
tween two sheets of paper, followed by two sheets of aluminum foil and placed in the preheated
hot press (PW 10 H, P/O/Weber GmbH, Remshalden, Germany) at 130 ◦C for 5 minutes. The en-
semble was subsequently pressed with initially 2.2 kN for 10 minutes (see Fig. 6.1d). After cool-
ing down, the COC structure was removed from the UV-curable adhesive structure and holes
were punched for the inlets and outlet of the microfluidic device using 0.5 mm biopsy punch-











Figure 6.1: Manufacturing steps of a COC device. (a) Channel structures were fabricated by photolithography (black)
using SU-8 2150 negative photo resist spin coated on Si-wafers. (b) PDMS copies (blue) of the channel
structures were produced. (c) By pressing the PDMS into UV-cured adhesive (yellow) deposited on a glass
slide, channel structures were replicated. (d) COC sheets (green) were heated above the glass transition
temperature, and structured by hot embossing. (e) A COC sealing layer was used to close the channels.
ers (Harris Uni-CoreTM puncher, Plano, Wetzlar, Germany). Finally, the channel structure was
sealed with a 20 µm thick layer of COC (Topas 8007 TG = 75 ◦C, TOPAS Advanced Polymers
GmbH, Frankfurt, Germany) via a heat and pressure controlled lamination machine (Catena 35
GBC, ACCO Brands, Lincolnshire, USA) at 100 ◦C, a speed of 7.6 10−3 m s−1 and narrowest set-
ting for the rolls. For better handling, the device and the sealing layer were placed between two
sheets of paper during sealing. The resulting microfluidic channels were measured using opti-
cal microscopy to 200 µm width and 160 µm height (Fig. 6.1e). For a more detailed figure with
all assembly steps, see Fig. S1†. The measurement window consisted of COC with a thickness of
about 50 µm and additional 20 µm sealing layer (see Fig. S2†). Note that during heat and pres-
sure treatment the COC layer becomes thinner, thus accounting for the “missing” 30 µm [37].
UV-curable adhesive/Kapton devices were fabricated as previously described [29]. Briefly, a
PDMS copy was produced from the Si-wafer. Afterwards, a second PDMS stamp was produced
from the first PDMS copy. An 8 µm thick Kapton foil (SPEX SamplePrep, Metuchen, NJ, USA)
with liquid adhesive (NOA 81) was prepared on an aluminum block. Adhesive was also pipetted
on the PDMS structure and placed in a desiccator for 15 minutes to remove air bubbles. Subse-
quently, the positive PDMS structure was pressed into the adhesive on the Kapton foil to obtain
the channel structure. After partially curing the adhesive, holes for the inlets and outlet were
punched, using a biopsy puncher with a diameter of 0.75 mm. The PDMS stamp was removed
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and a second Kapton foil was used to seal the device, which contained measurement windows
of 16 µm Kapton in total and possibly a thin layer of UV-cured adhesive. In the finished device,
the channels had a width of 200 µm and a height of 160 µm.
As a geometry for all devices, we chose a five-inlet/one-outlet system with 45◦ angles between
the inlet channels (Fig. 6.2a). Through the central inlet, protein (5.5 mg mL−1) or gold colloid so-
lution (Sigma Aldrich, St. Louis, Missouri, USA; radius R = 15 nm, concentration in the syringe
c = 1.8×1011 particles per mL and R = 10 nm, c = 6.5×1011 particles per mL) was injected at a
rate of 15 µL h−1 (1.3×10−4 m s−1). Sheath inlets [42], which were situated on both sides of the
central inlet, were injected with buffer at a low flow rate of 7.5 µL h−1 (6.5×10−5 m s−1). The side
inlets contained 110 mM KCl in buffer for protein experiments and phosphate buffered saline
(PBS) for gold colloid experiments at a flow rate of 150 µL h−1 (1.3×10−3 m s−1).
Polyethylene tubing (inner diameter 0.38 mm, outer diameter 1.09 mm, Intramedic Clay Adams
Brand, Becton Dickinson and Company, Sparks, USA) was connected to Hamilton Gastight glass
syringes (Bonaduz, Switzerland) with 1 mL or 0.5 mL volume by disposable needles. Syringe
pumps (neMESYS, Cetoni GmbH, Korbußen, Germany) were employed for precise flow control
over all five inlets. A sample holder based on the one introduced in Urbani’s dissertation [43],
was used to tightly connect the tubing and device in a leak-free manner. Briefly, the sample
holder consisted of two metal plates that sandwich one PVC (polyvinylchloride) plate and the
device itself. The metal and PVC plates were equipped with an opening that served as a mea-
surement window. Tubing was threaded through small holes in the front metal and the PVC
plate as well as o-rings for sealing. The device was aligned with the tubing and fixed to the PVC
plate with sticky tape. The whole ensemble was screwed onto the metal back plate, which was
larger then the other plates and served as an adapter plate to the beamline sample stage. A
photograph of the sample holder used for the experiments is shown in Fig. S3†.
6.3.2 Protein Purification and Assembly
Human vimentin protein with a molecular weight of 53.7 kDa was expressed in Escherichia coli
bacteria and then purified from inclusion bodies [44]. Vimentin was stored at -80 ◦C in 8 M urea,
5 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 10 mM methyl ammonium
chloride (MAC). The purity of the protein was verified by SDS-polyacrylamide gel electrophore-
sis. All solutions were prepared using 2 mM phosphate buffer (PB), pH 7.5. Before use in the
experiments, the protein was dialyzed against 8 M urea for 30 minutes and then, in a stepwise
manner, against 6, 4, 2, and 1 M urea for 30 minutes each, at room temperature. Finally, an
overnight dialysis into 2 mM PB was performed at 10 ◦C. All dialysis steps were performed us-
ing membranes of 50 kDa cut-off (SpectraPor, Carl-Roth GmbH, Karlsruhe, Germany). The pro-























Figure 6.2: Geometry of the microfluidic device. (a) Scheme of the device layout. The sample (protein or colloid solu-
tion) was injected through the central inlet. The side inlets were used for injecting assembly start buffer
with KCl for vimentin, or buffer for gold experiments. The diagonal sheath buffer inlets push the mixing
point further into the outlet channel. The colored dots refer to the positions analyzed in the vimentin
experiment (see Fig. 6.5). (b) Results of the FEM flow simulations: concentration of KCl (upper half of the
figure) and vimentin (lower half of the figure). (c) Fluorescence and bright field micrograph (overlay) of
microfluidic experiment performed with labeled vimentin (Alexa 488). All scale bars 200 µm.
tein concentration was determined to be 5.5 mg mL−1 by measuring the absorption at 280 nm
(Nanodrop ND-1000, ThermoScientific Technologies, Inc., Wilmington, USA). Assembly was ini-
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tiated in the microfluidic devices by diffusive addition of 110 mM KCl in buffer to the vimentin
solution. The calculated end concentration of KCl after complete mixing in the outlet channel
was 100 mM, and the vimentin concentration at the last measured position shown here was
4.0 mg mL−1.
For microscopy experiments in a UV-curable adhesive/Kapton device, AlexaFluo 488 (Invitro-
gen GmbH, Darmstadt, Germany) labeled vimentin was used [45, 46]. An inverted Olympus
IX71 microscope (Olympus Europa SE & CO. KG, Hamburg, Germany) equipped with a 10X
objective was employed to image the flow. Flow rates in this experiment were 100 µL h−1
(8.7×10−4 m s−1) for the side inlets (100 mM KCl), 10 µL h−1 (8.7×10−5 m s−1) for the central
protein inlet and 5 µL h−1 (4.3×10−5 m s−1) for the sheath inlets.
6.3.3 Small Angle X-Ray Scattering
SAXS measurements were performed at two different synchrotron sources, the ID13 beamline
at the European Synchrotron Radiation Facility (ESRF) (Grenoble, France) and the cSAXS beam-
line at the Swiss Light Source (SLS) (Paul Scherer Institut, Villigen, Switzerland). All measure-
ments were performed at room temperature and in air.
At ID13, an in-vacuum undulator was used and the energy (13.9 keV) was selected using an
Si(111) monochromator. A transfocator in vacuum guaranteed reproducible changing of the X-
ray lens packages. We used beryllium compound refractive lenses composed of 54 individual
lenses with parabolic shape and a radius of curvature of 200 µm in the apex. Three apertures
with 50 µm, 20 µm and 80 µm, respectively, were included in the beam path. For background
reduction, a 70 mm long flight tube with silicon nitride entrance window and polypropylene
exit window filled with helium was employed. As a beamstop, a lead cylinder with a few mm in
length and about 300 µm in diameter was installed. An Eiger 4M detector (2070 × 2167 pixels,
pixel size 75 × 75 µm2, Dectris, Baden, Switzerland) [47] was placed at 0.95 m from the sample.
Experiments were performed at a primary beam intensity of 8×1011 ph s−1 with a beam size of
2.7 × 1.7 µm2 and an exposure time of 1 s.
At cSAXS, the sample was placed at a distance of 33.8 m from the undulator source. The beam
was defined by a set of slits of 0.6 mm × 0.4 mm (horizontal × vertical) at 26.0 m from the
source. An energy of 11.2 keV was selected with a double-crystal Si(111) monochromator placed
at about 28.5 m from the source, which was also used for horizontal focusing. A bendable mirror
at 29.4 m from the source further focused the beam vertically. Different sets of slits downstream
of the X-ray optics were used to clean up the beam from parasitic scattering. In order to optimize
the beam size along the horizontal direction, we used a pair of slits with a horizontal aperture of
0.1 mm placed at 12.1 m, which helped to effectively decrease the source size but reduced the
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flux to about 50%. The beam was focused at the sample position, where we measured a beam
size of 12 × 29 µm2 with an estimated intensity of 2 × 1011 ph s−1. The sample scattering was
recorded with a Pilatus 2M detector (1475 × 1679 pixels, pixel size: 172 × 172 µm2, SLS detec-
tor group, Villigen, Switzerland) [48] at a sample-to-detector distance of 7.087 m. An evacuated
flight-tube was placed between the sample and the detector to reduce parasitic air scattering.
The total exposure time was 5 s, split up in 5 × 1 s.
For a pointwise background subtraction, we performed one measurement on a buffer-filled de-
vice and directly afterwards, in the same device, the actual measurement, including the sample.
By this approach, we obtained a background measurement in every position of the device, thus





Figure 6.3: Data acquisition and analysis. (a) Scheme of data acquisition in a mesh geometry (not to scale), the gray
circles indicate typical analyzed positions. (b) The whole mesh is displayed in a dark-field image with the
total scattered intensity in each position plotted on a color scale (typical gold colloid measurement in a
COC device at ID13). (c) Beyond the intensity value plotted in b, every position contains a full 2D scatter-
ing pattern, which was further analyzed by radial integration. Scale bars are 100 and 10 µm, respectively.
Measurements were performed on a mesh located at the channel cross section, as schematically
shown in Fig. 6.3a. Dark-field images were calculated by integrating the complete scattered in-
tensity in each measurement position and plotting it on a color scale, see Fig. 6.3b, in which the
focused flow stream can easily be located. Each ‘pixel’ in the dark-field image represents a full
2D scattering pattern (Fig. 6.3c), which was azimuthally integrated. After integration, a point-
wise background subtraction was performed. The calculated intensity I (q) was then plotted




where θ is half the scattering angle and λ is the wavelength of the radiation. Guinier analysis
of the data was performed using the software package PRIMUS (ATSAS, EMBL, Hamburg, Ger-
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many) [49] to retrieve the overall size of the scatterers by determining the radius of gyration Rg
for solid spheres:














The pddf is the distribution of distances between scatterers in a sample. An advantage of the
pddf is that it takes the whole scattering curve into account and not only the first few data
points as in Guinier’s approximation. In the third step, we fitted the form factor P (q,R) using








This approach also takes the whole curve into account and the fit curve can be compared to the
experimental data.
6.3.5 Flow Simulations
COMSOL multiphysics 5.2a (COMSOL GmbH, Göttingen, Germany) was used to perform finite
element method (FEM) simulations of the flow conditions in the microfluidic devices. The in-
let channels were reduced in length in the model to reduce the computational time, but are
long enough to ensure equilibrated flow and mixing profiles. Simulations were performed in
the laminar flow regime, thus employing the time-independent Navier-Stokes-equation, and
no-slip boundary conditions are used at the channel walls. FEM simulations shown here rep-
resent the protein experiments using the diffusion coefficients Dvim = 2.2× 10−11 m2 s−1 and
DKCl = 1.84× 10−9 m2 s−1. The diffusion coefficient for vimentin is an estimate of the upper
bound, as it decreases along the channel as the protein assembles. A change in viscosity upon
assembly is not included in our simulation, since viscometry measurements show that the vis-
cosity increases only very little during the first seconds of the assembly process [50, 51].
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6.4 Results and Discussion
6.4.1 Device Characterization
Kapton was chosen as a “base line” for our comparison, because the material is well established
for X-ray experiments [8–10, 13, 22, 26, 29]. This is due to its low and well defined background
signal and negligible radiation sensitivity. Thus, Kapton provides a number of advantages when
used as window material. However, in a typical microfluidic chamber, Kapton films have to be
glued or bonded to other materials, such as stainless steel plates [8–10, 13, 22], PDMS [26], or
UV-curable adhesive [29], that are used for defining the channel geometry, because the material
is not self-adhesive. Kapton film with an adhesive layer (“Kapton tape”) typically leads to a fairly
strong background signal itself. An exception are devices produced by laser ablation directly in
Kapton and bonded to thermo-sensitive Kapton [52], which require considerable efforts in fab-
rication. The COC devices we present here, by contrast, are made from one single material such
that there are no (glued) interfaces between the layers. We bond the COC layers directly without
using solvents or silanes and without an additional plasticization step.
To benchmark the new devices and test if they are suitable for SAXS measurements in general
and in particular for SAXS on weakly scattering protein, we here directly compare measure-
ments in microfluidic devices comprising 70µm COC windows or 16µm Kapton windows (total
thickness). As a defined test system, gold colloids were used and we performed the experiments
at two different synchrotron beamlines to account for differences concerning primary setup ge-
ometry, beam intensity, beam size and detectors. Fig. 6.4a shows typical scattering curves of
gold colloids in the two device types, measured at ID13, ESRF. An advantage of the beamline
is the highly focused beam (2.7 x 1.7 µm2), which can be used to exactly map the microfluidic
channel. The background subtracted scattering data in the COC device (green) and in the Kap-
ton device (blue) agree very well, even concerning the scattering intensity values. To further
benchmark the validity of the data, we performed an analysis of the pddf yielding a radius of
R = 11.02 nm ± 0.15 nm. Furthermore, the form factor of solid spheres was fitted to the data
(red solid line) and we obtain a radius of 10.55 nm ± 0.06 nm.
The cSAXS beamline at SLS is optimized for SAXS, providing access to very low q-values. Again,
the data curves for the COC and the Kapton device fall exactly onto each other, as shown in
Fig. 6.4b. In this case, we used colloids with a radius of 15 nm. For these data, we were able to
analyze the Guinier region at small q-values; we find a colloid radius of 17.88 nm ± 0.49 nm.
The pddf yields a radius of 16.50 nm ± 0.04 nm and the direct fit R = 16.13 nm ± 0.03 nm (red
line). From these experiments, using a simple model system as scatterers, we conclude that the
COC devices are well suited for performing SAXS experiments in microflow.









































Figure 6.4: Colloid scattering curves with corresponding form factor. (a) Gold colloids measured at the ID13 beam-
line (ESRF) in a device with a COC window (green) and a Kapton window (blue). The form factor for
solid spheres was fitted to the data and we obtain R = 10.55 nm ± 0.06 nm (red line). (b) Gold colloids
measured at the cSAXS beamline (SLS) in a device with a COC window (green) and a Kapton window
(blue). The form factor for solid spheres was fitted to the data and we obtain R = 16.13 nm ± 0.03 nm (red
line).
Experiments at synchrotron sources, i.e. with limited available time and highly complex setups,
require robust, long-lasting microfluidic devices. In our experience the COC devices are very
reliable and outperform the UV-curable adhesive/Kapton devices. It is even possible to flush
them by hand, i.e. at comparatively high pressure and little control, without breaking them. In
combination with our sample holder (see Fig. S3†), the success rate for these devices is close to
hundred percent. With respect to radiation damage, we observe a strong effect in the Kapton
devices, which is, however, not due to the Kapton but to the UV-curable adhesive. In the COC
devices the effect is much weaker. We will thus, in the future, investigate radiation resistance of
the material in a more systematic way.
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6.4.2 Protein in Flow
In a next step, we use our COC devices for measurements on a more challenging system: the
weakly scattering protein vimentin. Vimentin belongs to the family of intermediate filament
(IF) proteins and is found in cells of mesenchymal origin. Together with actin filaments and
microtubules, it forms a composite biopolymer network in the cytoplasm. In vitro, vimentin
assembles from tetrameric subunits into extended filaments in a hierarchical manner upon the
addition of KCl [53]. Within the first seconds, lateral assembly of the tetramers leads to so-called
unit length filaments (ULFs), followed by an elongation mechanism, which may take minutes
to hours and leads to micrometer long filaments [21, 54, 55]. As a critical KCl concentration
for assembly at these high protein concentrations, 10 mM was previously identified [23]. By
contrast to previous experiments [21, 23], we here realize fast mixing by strong hydrodynamic
focusing of the central protein stream (see Fig. 6.3b) [4, 56]. Thus, the width of the central stream
is about 10 µm and the diffusion time scale of the KCl into the central stream is on the order of
10 ms. The rapid increase of the KCl concentration, as obtained from the FEM simulations, is
presented in Fig. 6.5a. The color code of the individual data points corresponds to the positions
in Fig. 6.2a and the data curves in Fig. 6.5b. The red curve shows the unassembled tetrameric
state, whereas the green curve indicates the start of the assembly.
We observe that the forward scattering I0 increases with increasing assembly time, indicating
an increase in molecular weight and, thus, assembly. Furthermore, the scattering curves
steepen as the assembly proceeds. This change can be interpreted as an increase in thickness
of the rod-shaped scatterers, corresponding to the known lateral assembly step of vimentin
and in agreement with previously published work [21, 55]. Notably, we capture very early time
points in this particular experiment.
6.5 Conclusions
To conclude, we present and characterize a microfluidic device fully made of COC. We demon-
strate that the device is well-suited for X-ray measurements in flow. Weak SAXS signals from
proteins, even of minute sample volumes, may be detected in a reliable, high-quality way. For
benchmarking, we directly compare the performance of the COC devices to devices including
Kapton windows. Aside from leading to SAXS data of equal quality, the COC devices provide a
number of advantages over the UV-curable adhesive/Kapton devices. Above all, they are fabri-
cated solely from one material, i.e. one type of COC without bonding layers, thus avoiding any
gluing or interfaces, which are typically prone to leakage. Instead of plasticizing a thin layer
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Figure 6.5: Vimentin measurement in a COC device, performed at the cSAXS beamline, SLS. In total, four different
positions (see Fig. 6.2a) in the scanned device are shown. (a) The KCl concentration along the central
channel is shown. The four analyzed positions are indicated by colored circles. Assembly starts at a KCl
concentration of 10 mM. (b) The red data curve corresponds to tetrameric vimentin; the green data curve
is defined as the starting point of the assembly process (t = 0); blue and purple data curves refer to slightly
later, yet early, time points.
on top of the COC sheet, we heat up the whole ensemble of two COC layers well above their
glass transition temperature. As the unstructured sealing layer is much thinner (20µm) than the
structured main layer (240 µm) its viscosity decreases more rapidly, allowing for strong bond-
ing. Indeed, the devices are more reliable than other devices we have tested here or in the past.
Furthermore, COC materials have a high X-ray transmission and resist radiation. The device fab-
rication is straightforward and very reproducible at high quality, as it is already established for
PDMS-glass devices. By contrast to commercial devices, as used for example in protein crystal-
lography, the channel design is highly adaptable and flexible. Due to the employed lithography
methods, the design of the microfluidic device can easily be customized. We believe that this
approach will enable the community to perform various X-ray/microfluidics experiments in a
very reliable way. Additionally, we are able to show that even weakly scattering protein signals
may be investigated in this type of device. We thus expect a large number of different areas of
application of these devices in the fields of biophysics, molecular biology and biochemistry.
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6.7 Supplementary Information
Device Fabrication (Figure S1)
In this section, we present more details on our device fabrication method. Fig. S1 (following
page) is an extension of Fig. 1 in the main text. All steps, starting from the silicon-wafer with
channel structure all the way to the finished device, are shown.
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Figure S1 Device Fabrication steps (a) The channel structures (black) are defined by pho-
tolithography using SU8-2150 negative photo resist spin coated on Si-wafers to a final height
of 160 µm. (b) PDMS copies (blue) of the channel structures are produced. PDMS and cross-
linker are mixed at a ratio of 10:1 and poured onto the structured Si-wafers. After evacuating
the PDMS for 20 min to remove all air bubbles, it is cured by backing for 1 h at 65 ◦C. (c) A 1
mm thick glass slide (gray) is prepared with UV-curable adhesive (yellow) and all air bubbles
are removed with a needle. (d) The PDMS stamp is pressed into the adhesive and cured with
UV-light (λ = 366 nm) for three minutes. (e) After detaching the PDMS stamp from the glass
slide and removing residual structures with a scalpel, the UV-curable adhesive is cured again
for three minutes. (f) The stamp (yellow) and a COC sheet (green) are sandwiched between two
sheets of paper, followed by two sheets of aluminum foil. This assembly is heated above the
glass transition temperature of the COC (130 ◦C) for 5 minutes, with the help of a hot press. It
is then pressed with initially 2.2 kN for 10 minutes. Thus, the structured UV-cured adhesive is
transferred into the COC layer. (g) After cooling down the hot press, the stamp is removed from
the COC after wetting with 2-propanol, which flows between the two layers because of capil-
lary forces. The adhesive stamp can be reused. (h) Holes for the inlet and outlet are punched
with a biopsy puncher (diameter 0.5 mm). (i) A 20 µm thick COC sealing layer and the channel
structure in COC are sandwiched in paper and placed in a lamination machine with heat and
pressure control. The device is sealed at a temperature of 100 ◦C and a speed of 7.6×10−3 m s−1.
(j) The finished COC device contains channels with a width of 200 µm, a height of 160 µm and
a total thickness of 70 µm COC within the beam path.
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Cross Section of the Channel Structure (Figure S2)
The cross sectional view of a typical device is depicted in Figure S2. Due to the challenge in
cutting the device precisely without squeezing the channels the edges appear blurry and the
bottom of the device is slightly stretched. However, the well-defined channel structure with
straight walls is clearly visible.
sealing layer
channel width
  ~200 μm
channel hight
  ~160 μm
Figure S2 Side view of a typical COC device. The channel height is ∼160 µm and the channel
width ∼200 µm. The scale bar corresponds to 100 µm.
132 Chapter 6. COC as an X-ray compatible material for microfluidic devices
Sample Holder (Figure S3)







Figure S3 The sample holder consists of two metal plates with different sizes. The metal back
plate is larger to allow for mounting to the setup. The upper metal plate contains openings for
the tubing. Both plates contain an opening to perform measurements inside the COC device.
Sandwiched between the upper metal plate and the COC device is a PVC plate that contains
holes for the tubing and indentations for o-rings. The o-rings get compressed by tightening six
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Chapter 7
Summary, Discussion and Outlook
The cell contains a plethora of different ions which are necessary to maintain certain functions
in the cell. The presence of ions does not only affect the function of proteins but can also, for
example trigger their assembly. It can, however, occur that instead of the fully functional pro-
tein, aggregates are formed. Thus, it is important to investigate the influence of different ions
on proteins to understand their fundamental effects on the assembly. As the cell itself contains
many different proteins, which commonly interact with each other, in vitro studies can help to
understand the physical and chemical properties of each protein type on its own.
In previous in vitro studies it has been shown that ions have an influence on IFs. Whereas the
presence of, e.g. monovalent ions, can initiate the assembly of intermediate filaments [1–3], the
addition of multivalent ions to already formed filaments leads to network formation, bundling
or gelation [4–6]. It has furthermore been shown that divalent ions can induce the assembly
of vimentin protein. Differences in the filament radius, the filament homogenities, as well as
the threshold for precipitation were found [7–9]. In the mentioned studies, only one or two ion
types are investigated. In this thesis, the assembly of vimentin protein in the presence of six
different ions, with varying valencies, are measured and compared in a systematic way. Using
small angle X-ray scattering the lateral assembly of the protein is investigated. The radius of the
filament as well as the molecular weight can be retrieved. Using microscopy techniques (AFM
and fluorescence microscopy) it is observed if single filaments or networks are formed in the
presence of the ions.
In vitro, vimentin protein studies are usually carried out in the pH-buffers TRIS and PB [3, 10].
However, both buffers can complex with certain ions and therefore are not usable in studies
where the effects of different ions on the assembly of vimentin are investigated. Thus, a suitable
buffer system needs to be found. Good et al.proposed different criteria for buffers and intro-
duced several so called Good buffers [11, 12]. According to the criteria for a Good buffer, both
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TRIS and PB do not fulfill the criteria, and therefore, the Good buffer MOPS is chosen to per-
form the assembly experiments [12]. Prior to the experiments to study the influence of ions
on the assembly of vimentin protein, the buffer needs to be tested to determine its suitability
for vimentin assembly studies. Therefore, vimentin tetramers and filaments are investigated in
MOPS buffer and compared to measurements performed in TRIS and PB. As both TRIS and PB
should have no influence on vimentin protein, this is a good way to see if MOPS interacts with
vimentin.
Each buffer is tested at low (2 mM) and high (20 mM) concentration. The higher the buffer con-
centration the better the buffering capacity, however the more likely the buffer interacts with
the protein. At low buffer concentration no difference regarding the radius and the molecular
weight between the tetrameric state as well as the assembled filaments can be observed. The
found values for the radius of the filaments are in agreement with the literature [7]. In the AFM
images, vimentin protein forms single filaments upon addition of 100 mM KCl in the three dif-
ferent buffers at low buffer concentration as described in literature [3]. When vimentin protein
is investigated at the high buffer concentration it can be observed that already the tetrameric
state of vimentin protein shows pre-assembled or aggregated protein. Upon addition of 100 mM
KCl filaments with a slightly larger radius compared to the filaments in the low buffer concen-
trations are formed in all three buffers.
By investigating the tetrameric as well as the filamental state of vimentin protein in the three
different buffers at a buffer concentration of 2 mM no differences can be observed. Thus, 2 mM
MOPS could be established as a new buffer for vimentin studies.
As no significant difference between vimentin in the tetrameric and filamental state in the three
buffers at low buffer concentration can be detected, the influence of ions on the assembly of vi-
mentin filaments is investigated in MOPS buffer. In total the influence of six different ions (Na+,
K+, Mg2+, Ca2+, Co3+ and Sp4+) on the assembly of vimentin protein is investigated with SAXS
at eight different concentrations. Fluorescence microscopy of vimentin filaments at one ion
concentration is conducted to detect if single filaments or networks are formed. The ions are
chosen to have two monovalent and two divalent ions to investigate if there are differences in
the assembly of vimentin filaments using different ions with the same valency. Furthermore, vi-
mentin filaments are assembled with a trivalent ion and a tetravalent molecule to investigate
the effects of different ion valencies on the assembly of vimentin filaments. For analyzing the
SAXS data, different analyzing methods (model-free and model-based) are applied to retrieve
the radius of the filament, the radius of gyration of the tails from the filaments, information
about the subunits in the filament, as well as the amount of tetramers in the system.
In general it can be observed that with increasing ion concentration the radius of the filament
and the number of subunits per cross-section increase. Furthermore, the amount of tetramers
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in the solution decreases with increasing ion concentration, as expected, as at higher concen-
tration more protein should assemble into filaments. In the case of vimentin assembled in the
presence of the monovalent ions KCl and NaCl, no differences could be observed. In both cases
the radii retrieved of the filament correspond to values found in the literature [7, 13]. Further-
more, single filaments are formed in the presence of 100 mM salt as described in the literature
[3]. Comparing the results found for vimentin protein assembled in the presence of Mg2+, simi-
lar values for the radius are found when compared to the literature [7]. When vimentin is assem-
bled in the presence of the divalent ions Ca2+ and Mg2+ it can be observed that in both cases
vimentin precipitates after exceeding a certain ion concentration. The threshold for the precip-
itation of vimentin assembled in the presence of Ca2+ is lower (2.5 mM - 4 mM) than the thresh-
old found for vimentin in the presence of Mg2+ (5 mM - 10 mM). Assembling vimentin filaments
with divalent ions (4 mM Mg2+ and 2 mM Ca2+), it can be observed that the ions have the ability
to cross-link filaments and form networks, as described in literature [8]. Comparing the results
from the experiments with the divalent ions, it can be concluded that less Ca2+ is needed for
the same effect on vimentin protein as Mg2+. Vimentin filaments assembled with the trivalent
ion Co3+ show again precipitation of the sample at high ion concentrations (threshold for pre-
cipitation: 0.1 mM - 0.2 mM), which is lower than the concentration found for divalent ions. In
the microscopy experiments vimentin filaments again form networks, showing that also Co3+
has the ability to cross-link filaments. Compared to divalent ions, less Co3+ is needed to initi-
ate assembly and precipitation. Finally, the influence of the tetravalent molecule spermine on
the assembly of vimentin filaments is investigated. Again, vimentin protein starts to precipitate
after a certain Sp4+ concentration is exceeded (0.05 mM - 0.08 mM). The threshold for aggre-
gation is lower than for all the other ions investigated. Networks are observed in microscopy
experiments when vimentin protein is assembled with Sp4+, indicating that also Sp4+ has the
ability to cross-link vimentin filaments.
Combining all results, it can be observed that vimentin filaments assembled with monovalent
ions form single filaments. On the contrary, filaments assembled with all multivalent ions inves-
tigated here show the ability to cross-link and, furthermore, induce precipitation of the protein.
Normally, two filaments with the same net negative charge would repel each other. However,
due to the effect of counterion condensation on the filaments, an arrangement of screening ions
surrounding the filament is induced, resulting in the attraction between the filaments which
leads to network formation. The higher the valency of the ion, the lower the amount of ions on
the surface of the filament is needed for network formation. The networks formed with Mg2+
are large compared to vimentin networks assembled with Ca2+, and even smaller and fewer net-
works are found assembling vimentin with Co3+ or Sp4+. One reason could be that trivalent and
tetravalent ions can mediate more interactions between filaments due to the higher number of
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charges. This could lead to smaller but more densely packed networks. A different reason for
the smaller networks could be that there is a larger network which was not detected during the
experiments. Besides the ability to cross-link filaments, vimentin precipitated with multivalent
ions at higher ion concentrations. The higher the valency of the ion, the lower the ion concen-
tration needed to initiate assembly of the protein and the lower the threshold for precipitation
of vimentin protein. A radius of up to 10 nm is found for vimentin filaments assembled with
multivalent ions. Filaments exceeding a filament radius of roughly 10 nm might start to form
very dense networks (precipitation), which are visible by eye.
In addition to the findings for the differences found for the ions of different valencies, a much
stronger effect of Ca2+ on vimentin filaments is observed than with Mg2+. Those differences can
be explained by the Hofmeister effect, which is often found to describe the interaction of ions
with a protein [8, 14]. The Hofmeister series lists a sequence of ions according to their ability to
affect the solubility of proteins. Both Mg2+ and Ca2+ are listed in the series, showing that less
Ca2+ is needed to induce the same effect as Mg2+.
Concluding, it could be shown that even upon the addition of different ions, similar observa-
tion could be made. In contrast to monovalent ions, all multivalent ions investigated are able to
induce cross-linking of the vimentin filaments as well as precipitation (collapse of the filaments
to very densly packed networks) of the filaments is observed.
So far in this thesis, only static experiments of the ion influence on the assembly of vimentin
filaments are performed. However, it would be interesting to investigate the temporal evolution
of vimentin filament assembly as well. By combining SAXS measurements with microfluidics,
the assembly process can be followed over time. When combining microfluidics with SAXS, it
is necessary to have an appropriate microfluidic device which is resistant to X-ray illumination,
it should be X-ray transparent and have a low scattering signal. Many materials can be used to
build the microfluidic devices, mostly involving several different materials. Here, microfluidic
devices made solely out of the material cyclic olefin copolymer (COC) are used [15] and com-
pared to Kapton/UV-curable adhesive devices [16]. In the Kapton/UV-curable adhesive devices
the window material where the X-rays pass is Kapton; a material often used in X-ray studies.
However, the Kapton foils are glued together with a UV-curable adhesive, which shows radia-
tion damage. Additionally, the interfaces between Kapton and the adhesive are prone to leak-
age. The devices are tested by flushing in gold colloids and comparing the signal and data qual-
ity between COC devices and Kapton/UV-curable adhesive devices. No difference between the
data quality of the recorded signals in both device types could be detected. Even if the signals
recorded in both device types are similar, the easier and more straightforward production, as
well as the higher stability (less leaking) of the devices, make COC devices better suited for X-ray
experiments. In addition to the device testing, vimentin protein is assembled in the microfluidic
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devices and investigated with SAXS. The resulting data of the weakly scattering protein in COC
devices are of high quality. By initiating the assembly process of vimentin protein in the device,
the early time points (ms range) of the vimentin assembly were investigated. To conclude this
part of the thesis, an X-ray compatible microfluidic device solely made out of COC could be in-
troduced. We could show that COC is promising device material for low-scattering samples like
vimentin. Furthermore we showed, that the very early time points of vimentin assembly could
be investigated.
In the future, the influence of different ions not only on vimentin filaments but also on other
IFs, e.g. keratin or desmin, could be investigated. As IFs are expressed in a cell specific manner,
different IFs can interact differently with ions. Indeed, it has already been shown that keratin
filaments interact differently with K+ and Mg2+ compared to vimentin filaments [17]. By com-
paring the results from different IFs, a general model on the behaviour of IFs with ions could
eventually be retrieved. To further invest the temporal evolution of vimentin filaments, a step
should be included in the device to avoid the protein sticking to the channels walls. When the
assembly starts, the protein is enclosed by buffer and cannot stick to the channel walls. The
step in the device has already been used in different vimentin studies and proofed to reliably
keep the protein from the walls and with that, the assembly can be investigated [18]. With this
device geometry, the temporal evolution of the protein with different ions can be studied and
the assembly times of the protein could be retrieved.
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Appendix A
Calculation of the Correction Factor
A.1 Calculating the Correction Factor
To get the scattering data on absolute scale (cm−1) the Correction Factor (CF) has to be calcu-
lated. This needs to be done if data which was taken at different setups wants to be compared.
Or if e.g. the molecular weight, volume fraction or the specific surface area of the scatterer wants
to be determined [1]. There are many ways to calculate the CF including primary standards (e.g.
water), secondary standards (e.g. glassy carbon) or biopolymers with a known scattering signal
(e.g. lysozyme) [1–3]. Here, water is used to calculate the CF, even thought it has a low scattering
cross-section. Water is widely used and with a sufficient exposure time, the signal is of good











where ∂Σ)(∂Ω)st (q) is the differential scattering cross-section, dst the thickness of the standard,
Tst+cap the transmission of the standard in the capillary, Ist the measured intensity of the stan-
dard and BGst the background [1, 4, 5].
Regarding classical fluctuation theory for pure liquids [6], the differential scattering cross-





(0) = cn2e b2e (ρkB T )χT . (A.2)
Were c is the concentration of the scattering objects, ne the number of electrons within the
object, be is the Thomson factor (be = 0.2818·10−12 cm), kB the Boltzmann constant, T the tem-
perature and χT the isothermal compressibility. In literature the differential scattering cross-
section for water is given by:
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(0) = 1.65·10−2cm−1, (A.3)
at T = 293 K, a pressure of 10−5 Pa and χT = 4.591·10−10 Pa−1 [1, 5]. To calculate the CF with wa-
ter, an empty capillary as well at a water-filled capillary are measured for 24 h. A long exposure
is chosen to have a good signal to noise ratio despite the low scattering of both the empty capil-
lary and the water. In literature it is mentioned, that the dark current of the detector needs to be
subtracted as well [1, 5]. However according to the manufacturer of the detector (Dectris Ltd.,
Baden, Switzerland), there is no dark current due to the single photon counting technology. In
Fig. A.1 the scattering curve after background subtraction and correction with the transmission













Figure A.1: Scattering profile of water after background subtraction and correction with the transmission values. The
water signal is shown in red. The signal shows the for water typical flat part at large q values. The linear
extrapolation of the signal at large q values to I = 0 is shown in blue.
The intensity profile of water is linear at large q values. Extrapolating the large q values to q = 0
a value of 7.789·10−4 is retrieved for the used setup. After calculating the thickness of the water
in the capillary using the transmission values, the CF can be calculated:
C F = 1.65·10
−2
7.789·10−4
·0.124 = 2.62cm−1. (A.4)
The calculated value of 2.62 cm−1 can be multiplied with each scattering curve taken on that
setup to normalize data on absolute scale. The water measurement for CF calculation is per-
formed two times in two different capillaries. The second measurement yields a value of
2.67 cm−1. From both values an arithmetic mean is calculated which is used to normalize the
data.
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A CF for the data with the sample chamber in air could not be calculated due to a strong scatter-























Figure A.2: Scattering profiles of water (without the sample chamber in vacuum) and glassy carbon. (a) Scattering
curve of water after background subtraction and correction of the transmission values, when the sample
chamber of the setup is in air. (b) Scattering profile of glassy carbon.
It is not clear what causes this scattering at large q values, however, a reason could be the in-
troduction of the two windows, to exclude the sample chamber from vacuum. The protein pro-
files measured when the whole system is under vacuum or when the sample chamber is in air
are very similar and thus, it can be assumed that the CF will be similar as well. To really quan-
tify the CF for the setup with the sample chamber in air, a different standard (e.g. ethanol or
glassy carbon) can be used [1, 5]. Especially glassy carbon is well suited for in-house experi-
ments as it has a higher scattering cross-section. A good quality measurement of glassy carbon
only takes several minutes to few hours, compared to the rather long exposure for water (24 h).
However, the differential scattering cross-section is not known and needs to be experimentally
determined [5] and unlike water has no flat part (Fig. A.2b). Therefore, the differential scatter-
ing cross-section needs to be resolved using a primary standard like water, or measured using
small angle neutron scattering (SANS) [1]. Once the scattering cross-section is determined, the
CF can be calculated using the same glassy carbon. Zhang et al. performed not only long-term
studies over nine months but also radiation damage tests on glassy carbon. They could show
that no significant difference between the signal within those nine months was observed as
well as no radiation damage could be detected [3].
150 Appendix A. Calculation of the Correction Factor
References
1. Fan, L., Degen, M., Bendle, S., Grupido, N. & Ilavsky, J. The Absolute Calibration of a Small-
Angle Scattering Instrument with a Laboratory X-ray Source. J. Phys.: Conf. Ser. 247, 012005
(2010).
2. Pauw, B. R. The Impossible Project ”-How to do a perfect SAXS measurement in (2011).
3. Zhang, F. et al. Glassy Carbon as an Absolute Intensity Calibration Standard for Small-
Angle Scattering. Metall. Mater. Trans. A 41, 1151–1158 (2009).
4. Orthaber, D., Bergmann, A. & Glatter, O. SAXS experiments on absolute scale with Kratky
systems using water as a secondary standard. J. Appl. Crystallogr. 33, 218–225 (2000).
5. Dreiss, C. A., Jack, K. S. & Parker, A. P. On the absolute calibration of bench-top small-angle
X-ray scattering instruments: a comparison of different standard methods. J. Appl. Crystal-
logr. 39, 32–38 (2006).
6. Small-Angle Scattering of X-Rays (eds Guinier, A. & Fournet, G.) (John Wiley and Sonst. Inc.,
1955).
7. Pedersen, J. S. Form factors of block copolymer micelles with spherical, ellipsoidal and
cylindrical cores. J. Appl. Crystallogr. 33, 637–640 (2000).
8. Brennich, M. E. et al. Impact of ion valency on the assembly of vimentin studied by quan-
titative small angle X-ray scattering. Soft Matter 10, 2059–2068 (2014).
Appendix B
Model Fits
All scattering profiles of vimentin assembled with different ions at several concentrations
are shown here. The data are fit to a micelle model introduced by Pedersen [7] and extended
by an additional term for tetrameric vimentin [8]. With this addition to the model, vimentin
tetramers, which can be present in the solution and contribute to the scattering signal are
included. Experiments are conducted 1 - 5 times for each ion and ion concentration. In case of
multiple experiments for one condition, all scattering profiles are included to retrieve one fit
curve. By fitting the model to the data, the individual contributions (Fc , Fs , Ssc and Scc ) can be
retrieved. All model implementations, calculations and plots shown in the following are made
by Manuel Marschall (Weierstraß Institute, Berlin, Germany).
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Salt: KCl concentration: 10mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc



































Salt: KCl concentration: 20mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.































Salt: KCl concentration: 30mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: KCl concentration: 40mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.



































Salt: KCl concentration: 50mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc



































Salt: KCl concentration: 80mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.


































Salt: KCl concentration: 100mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: KCl concentration: 150mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
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Salt: NaCl concentration: 10mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc

































Salt: NaCl concentration: 20mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.































Salt: NaCl concentration: 30mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: NaCl concentration: 40mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: NaCl concentration: 50mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc

































Salt: NaCl concentration: 80mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: NaCl concentration: 100mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: NaCl concentration: 150mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
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Salt: MgCl2 concentration: 0.5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: MgCl2 concentration: 1.0mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: MgCl2 concentration: 1.5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: MgCl2 concentration: 2.0mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: MgCl2 concentration: 2.5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc

































Salt: MgCl2 concentration: 4mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.































Salt: MgCl2 concentration: 5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: MgCl2 concentration: 10mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
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Salt: CaCl2 concentration: 0.5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: CaCl2 concentration: 1.mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: CaCl2 concentration: 1.5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: CaCl2 concentration: 2.0mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: CaCl2 concentration: 2.5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc

































Salt: CaCl2 concentration: 4mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.































Salt: CaCl2 concentration: 5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: CaCl2 concentration: 10mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
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Salt: Hexammine-cobalt(III) chloride concentration: 0.01mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.































Salt: Hexammine-cobalt(III) chloride concentration: 0.02mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: Hexammine-cobalt(III) chloride concentration: 0.03mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: Hexammine-cobalt(III) chloride concentration: 0.05mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: Hexammine-cobalt(III) chloride concentration: 0.08mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
































Salt: Hexammine-cobalt(III) chloride concentration: 0.1mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
































Salt: Hexammine-cobalt(III) chloride concentration: 0.2mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.































Salt: Hexammine-cobalt(III) chloride concentration: 0.5mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
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Salt: Spermine concentration: 0.01mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: Spermine concentration: 0.02mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
































Salt: Spermine concentration: 0.03mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: Spermine concentration: 0.04mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.

































Salt: Spermine concentration: 0.05mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
































Salt: Spermine concentration: 0.08mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
































Salt: Spermine concentration: 0.09mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc































Salt: Spermine concentration: 0.1mM
Results from the micelle model fitted to the data. In the upper image, all scattering profiles of the individual exper-
iments plus the fit curve are shown. In the lower graphic, the individual contributions of the four terms (Fc , Fs , Ssc
and Scc ) are displayed.
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